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1. A VERSATILE SOLVENT TO REPLACE PHENOL 
FOR THE PAPER CHROMATOGRAPHY O F  
RADIOACTIVE INTERMEDIARY METABOLITES 
Gera ld  J .  Crowley,  V. Moses ,  and Johannes  Ullr ich 
Analysis  of the products  of r ad ioac t i ve - t r ace r  feeding exper iments  in  
biological  sy s t ems  h a s  depended to a considerable  extent  on paper  c h r o m a -  
tography. Of the many  solvent sys tems  proposed ,  the  one devised by  Benson 
e t  a l .  , l  ba sed  on the  u se  of phenol-water followed by n-butanol-propionic 
acid-water, h a s  many  advantages for  the separa t ion  of such biological  in te r  - 
media t e s  a s  s u g a r s ,  sugar  phosphates ,  amino ac id s ,  and carboxylic ac ids .  
Neve r the l e s s ,  phenol-water  mix tures  have s e v e r a l  inherent  d rawbacks ;  
Mizel l  and s impson2  recen t ly  surveyed some  of t h e s e ,  and to th i s  l i s t  we 
might  add both the c o r r o s i v e  action of phenol on human skin and the fact  that  
many  amino  ac ids  show s igns  of decomposit ion when chromatographed in 
phenol -containing solvents  . 3 , 4  
The  ques t  f o r  a solvent to r e  l a ce  phenol led  us  to consider  s o m e  of 
those  mentioned in the  l i t e r a t u r e  ,2 ,  t. 6 but none was  suitable for  ou r  purpose .  
Eventual ly  i n t e r e s t  c en t e r ed  on solvents ba sed  on isobutyr ic  ac id ,  ammonia ,  
w a t e r ,  and ethylenediaminetetraacetic acid  ( E D T A ) . ~  Although this  solvent 
was  not en t i re ly  sa t i s fac tory  a s  o r i g h a l l y  formulated7 - -because  such slow - 
running hydrophil ic subs tances  a s  sugar  phosphates mig ra t ed  too f a r  and le f t  
empty much  of the  ch roma tog ram nea r  the o r ig in -  - the  mix ture  s eemed  p r o m -  
is ing a s  a b a s i s  f o r  f u r t h e r  exper imentat ion.  T h e r e  w e r e  two approaches  
1 .  A .  A.  Benson,  J .  A .  B a s s h a m ,  M. Calvin,  T .  C.  Goodale, V .  A.  Haas ,  
and W .  Stepka, J .  A m .  Chem.  Soc. - 72, 1710 (1950). 
2 .  M. M i z e l l a n d S .  B .  Simpson,  J .  Chromatog.  5, 157 (1961). 
- 
3.  A. K. Huggins and  V. Moses ,  Nature  191, 668 (1961). 
-
4 .  V. Moses ,  J .  Chromatog .  - 9, 241 (1962). 
5. R .  E .  Kay, D. C .  H a r r i s ,  and C.  Entenman,  Arch .  Biochem. Biophys. - 63,
14 (1956). 
6 .  V. M. Brenne r  and A.  Niederwieser ,  Exper ien t ia  16, 378 (1960). 
-
7 .  E .  Tyszkiewicz,  Anal.  Biochem.  3 ,  164 (1962). 
- 
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towards  improving both resolution and the sp read  of compounds along the 
whole length of the chromatogram:  manipulation of the pH, and an enhance-  
m e n t  of the nonaqueous cha rac t e r  of the l iquid.  The pH of the or iginal  i s o -  
bu tyr ic  acid-ammonia-water-EDTA solvent i s  about 4.2; rep lacement  of some  
of the  wa te r  with sufficient ammonia  solution to r a i s e  the pH to 6.8 resu l ted  
in a re la t ively  viscous  and v e r y  slow-running solvent,  in which the resolut ion 
and sp read  actually de te r io ra ted .  
The f i r s t  a t t empts  to  reduce the aqueous content of the solvent con- 
s i s t ed  of replacing the ammonia  solution, pa r t i a l ly  o r  completely,  with such 
organic  b a s e s  a s  pyridine and t r imethylamine in var ious  combinations,  
a lways maintaining the  pH a t  4.2.  A f u r t h e r  var ia t ion was  to s a tu r a t e  the  
or iginal  solvent mix ture  with toluene. I t  soon became  apparent  that  the u se  
of t he se  substances  did l i t t le  to improve the  chromatographic  separa t ion ;  
however ,  we w e r e  s t imulated to invent quite a complex vocabulary to de sc r ibe  
the ol factory impac t  of the products .  Subsequent a l tera t ion of the solvent  
m i x t u r e s  was  d i r ec t ed  to a pa r t i a l  r ep lacement  of the wate r  by one of a num-  
b e r  of s imple  a lcohols :  ethanol,  n-propanol ,  isopropanol,  and n-butanol.  
Th is  led  to m a r k e d  improvements-in solvent cha rac t e r i s t i c s ,  though no single 
alcohol was  completely sa t i s fac tory  in th i s  r e g a r d .  Mixing of those  a lcohols  
which looked promis ing  when used singly w a s  then at tempted.  After  numerous  
t r i a l s ,  a  m ix tu re  (he rea f t e r  designated "semis tench")  was  p r epa red  which 
p o s s e s s e d  the m o s t  suitable solvent p rope r t i e s  f o r  our  purposes :  
EDTA 1.2 g 
17 N ammonia  soln.  
- 
Water  950 ml  
n-propanol  
- 
i sopropanol  75 ml  
n-butanol 
- 
75 m l  
i sobutyr ic  acid 2 ,  500 ml  
Standing a t  r o o m  t empera tu r e  fo r  24 h r  appeared  to es tab l i sh  e s t e r i f i -  
cation equi l ibr ia  between the  alcohols and i sobutyr ic  acid .  The ammonium 
isobutyrate  buffered the mix tu re  a t  a  pH of about 4.0.  Aging of the mix tu re ,  
even for  a per iod of weeks ,  effected no d i scern ib le  change in resolut ion prop-  
e r t i e s .  On the o ther  hand,  compar i son  of mix tu re s  aged for  a t  l e a s t  24 h r  
with corresponding solutions f resh ly  p r e p a r e d  showed that  aging fo r  one day 
i s  manda tory  fo r  opt imal  r e s u l t s .  No a t t empt  w a s  made to acce l e r a t e  e s t e r  - 
i f ication e i ther  by mi ld  heating o r  by refluxing,  s ince  i t  was  quite convenient 
to p r e p a r e  the solvent a t  l e a s t  a day before  u se .  
F o r  chromatographic  development,  the two -dimensional  descending 
technique was  employed.  The semis tench  solvent was  used  for  the f i r  s t  
d imension;  the second dimension was  developed with n-butanol-propionic acid- 
w a t e r .  ' Standard Whatman No. 4 chromatography paper  was  used exclusively;  
ne i ther  oxalic ac id -washed  paper  nor  pape r  r i n sed  in an  alkaline EDTA solu-  
tion (pII 8 .5 )  w a s  m o r e  effective.  Both solvents  w e r e  allowed to run  to the  
edges  of the p a p e r ;  th is  took (a t  23') 10 to 14 h r  fo r  the f i r s t  d imension (about 
50 c m )  and 7 to 10 h r  fo r  the second (about 38 c m ) ,  depending mainly  on the  
batch of pape r .  Known compounds w e r e  loca l ized  by spraying o r  dipping the 
1 -3  - UCRL- 10743 
paper  in the  appropr ia te  reagen ts .  Radioactive substances  w e r e  found by 
radioautography,  posit ive identif ication then being made by cochromatography 
with authentic m a r k e r  compounds. 
In our  ac tua l  exper imenta l  conditions, the compounds of i n t e r e s t  a r e  
chromatographed in the p r e sence  of cel l  ex t r ac t s .  Since t he r e  i s  probably 
in teract ion between compounds in mix tu re s ,  the chromatographic  p a r a m e t e r s  
of a l l  the  compounds investigated w e r e  m e a s u r e d  by mixing each authentic 
sub s tance with an  ethanol -wa te r  ex t r ac t  of Chlorella pyrenoidosa ce l l s  o r  of 
spinach ch lorop las t s  which had  been allowed to f ix  14C02 photosynthetically. 1 
Table 1 - I  l i s t s  the R values fo r  a l l  the compounds studied with r e s p e c t  to 
a s p a r t i c  ac id .  $ 
Table 1-1. RaSpartic acid values  in semistench (A) and in 
n-butanol-propionic acid-water ( B )  
- 
Amino ac ids  and peptides 
a -Alanine 
P -Alanine 
y -Aminobutyric ac id  
Arginine  
Asparagine 
Aspa r t i c  acid  
Ci t rul l ine  
Cyste ine  
Cy s t ine  
Glutamic acid  
F lu tamine  
Glutathione, oxidized 
Glutathione, reduced  
Gly c ine 
Hist idine 
Leucine 
Isoleucine 
Lysine  
Methionine 
Phenylalanine 
P ro l i ne  
Se r  ine 
Threonine 
T ryptophane 
Tyro  s ine  
Valine 
Carboxylic ac id s ,  hydroxy-  and 
0x0 - carboxyl ic  ac id s  
c i s  -Aconitic a c id  0.89 
c i s  -Aconitic anhydride  0.87 
C i t r i c  acid  0.79 
I soc i t r i c  acid  0.84 
F u m a r i c  acid  1.13 
-4-  
Table 1 -I (Cont.  ) 
Glycer ic  ac id  
Glycolic acid  
Glyoxylic acid  
Lac t ic  acid  
Mal ic  acid  
a -0xoglu ta r ic  acid 
Pyruv ic  acid  
Succinic acid  
T a r t a r i c  acid  
Suga r s  
Arabinose  
2-Desoxyribose  
Dihydroxyacetone 
E r y t h r o s e  
E ry th ru lo se  
F r u c t o s e  
Galactose  
Glucose 
Gulo s e 
Lac tose  
Lyxo s e 
Maltose 
Manno s e  
Ribose 
Ribulose 
Sedoheptulose 
Sorbose  
Suc rose  
Th reose  
Xylo s e 
Xylulo s e  
Sugar  a lcohols  
Arabi tol  
Dulcitol 
Glycerol  
Mannitol 
Ribitol 
Sorbitol  
Xylitol 
Uronic ac ids  
Glucuronic ac id  
Flucuronolactone 
Aldonic ac ids  
Asco rb i c  ac id  
Gluconic ac id  
UCRL- 10743 
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Table 1 -I (Cont.  ) 
Nucleoside s 
Adenosine 
Cytidine 
Guano s ine 
Ino sine 
Thymidine 
U r idine 
Nucleotide s 
Adenosine monophosphate 
Adenosine dipho sphate 
Adenosine t r ipho sphate 
Guanosine monopho sphate 
Guano sine dipho sphate 
Guano sine t r ipho sphate 
lno s ine  monopho sphate 
Thymidine monopho sphate 
Uridine monopho sphate 
Uridine t r ipho sphate 
Sugar monophosphates 
Dihydroxyacetone phosphate 
F r u c t o s e  - 6  -phosphate 
Glucose - 6 -phosphate 
~ a m a m e l o s e  - 6 -phosphate 
Maltose monopho sphate 
Ribose-  5-phosphate 
Sedoheptulose -7 -phosphate 
Sugar dipho sphate  s 
F r u c t o s e  diphosphate 
Hamamelo  s e  dipho sphate 
Ribulo s e  dipho sphate 
Miscellaneous phosphates 
Pho sphoenolpyruvic acid  
6 -Pho  sphogluconic acid  
2 -Phosphoglycer ic  ac id  
3 -Phosphoglycer ic  acid  
Uridine dipho sphogluco s e  
The mobi l i t ies  repor ted  in Table 1-1 m u s t  be used  only a s  an  approxi-  
ma te  guide to chromatographic  posit ion when compounds a r e  being studied in 
a c o m p l e x m i x t u r e .  These  values w e r e  obtained by  adding two o r  t h r ee  known 
subs tances  a t  a  t ime  to the 14c- labe led  plant ex t r ac t ,  and re la t ing the i r  posi -  
tion to a s p a r t i c  acid ,  The re fo re  we cannot be  ce r t a in  that  compounds having 
near ly  ident ical  mobi l i t ies  wil l  hasre th.e p r ec i s e  re la t ionships  to each  other  
indicated in  Table 1-1, s ince  we have not s imul taneously  chromatographed a l l  
the l i s t ed  compounds on one shee t  of paper .  Slight var ia t ions  between d i f fe r -  
ent  ch roma tog rams  in a s e r i e s  p rec lude  absolute ce r ta in ty  of chromatographic  
mobil i ty for  any par t i cu la r  substance.  The mobi l i t ies  in two dimensions  of 
m o r e  than twenty compounds w e r e  m e a s u r e d  with r e s p e c t  to a s p a r t i c  a c id  on 
eight rep l ica te  ch roma tog rams  s i m i l a r  to the one shown in F ig .  1 - 1. The 
s tandard  deviation of these  m e a s u r e m e n t s  showed a n  ave rage  fo r  a l l  the spots  
of k 2.8% of the means  in the semis tench  solvent,  and + 3 .9% of the means  in 
n-butanol-propionic acid-,water. Thus the  values r epo r t ed  in  Table 1 -I should 
be  r ega rded  ac possess ing  a n  e r r o r  of *6 to 8%. 
A rad ioau togram of a typical  ch roma tog ram of 14c - l abe l ed  ch lorop las t  
extra.ct i s  shown in F ig .  1 - I . ,  compared  with. a  pa r a l l e l  ch roma tog ram of a 
s i m i l a r  ex t r ac t  r un  in phenol-water1  a s  the f i r s t  solvent (F ig ,  1-2) .  I t  wi l l  
be seen  that  with the semis tench  solvent  the total  a r e a  avai lable  on the c h r o -  
m a t o g r a m  i s  m o r e  effectively used  than with phenol-water .  Both s y s t e m s  
have disadvantages  resul t ing f r o m  the overlapping of c e r t a in  compounds which 
it would be  m o s t  des i rab le  to  have separa ted .  In  semis tench  plus butanol- 
propionic acid  this  affects main ly  glu.tamin.e, glycine,  and s e r i n e ,  while in 
phenol p lus  butanol-propionic acid., glutamine runs  wel l  c l e a r  of the o ther  two 
amino a c i d s ,  though the l a t r e r  cannot b e  separa ted  f r o m  glucose .  The new 
sys t em,  m o r e o v e r ,  r e su l t s  in spots  m o r e  compact  than does  phenol, and  
shows much  l e s s  var iabi l i ty  a s  f a r  a s  diffuseness and s t reak ing  of the spo ts  
i s  concerned.  
I n  comparing these  two solvent system.s one effect  h a s  consis tent ly  
been observed ,  but  ha.s not been  complete ly  reso lved .  Using the s a m e  ce l l  
ex t r ac t ,  m o r e  spots  a r e  s epa ra t ed  in the semis tench  t,han in the  phenol s y s t e m .  
We think that  t he se  a r e  ne i ther  a r t i f a c t s  nor  degradat ion p roduc t sp  but re f lec t  
the g r e a t e r  resolving pcwer  of semis tench ,  A p re l im ina ry  study of the action 
of s emi s t ench  a s  f a r  a s  the decomposi t ion of amino  ac ids  i s  concerned h a s  
shown i t  to be much  mi lde r  than phenol: the l a t t e r  c ause s  considerable  b r e a k -  
down of s o m e  amino ac id s .  3 .  * The r ea son  for  th is  des t ruc t ion  by phenol i s  
poss ibly  a r e s u l t  of a tmosphe r i c  oxidation of phenol to form the deep r e d  
phencquinone, a re la t ively  s t rong  oxidizing agent .  None of the  p r e se rva t i ve s  
gene r a l l y  r e  commended for  phenc! chromatography complete ly  inhibits the 
p r o c e s s ,  though the addition of a - tocophero l  o r  go tass ium cyanide to the 
phenol -wate r  m ix tu re  does slow down oxidation. 
It  m u s t  be pointed out that  some  concern  m a y  just ly b e  accorded  those  
sub s t ances  :acid anhydrides ,  enoPic e s t e r s ,  and o ther  h igh-energy  compounds) 
which a r e  often m o r e  suscept ible  to ammonolys i s  than to hydro lys i s .  I t  i s  
poss ible  that  some of the newly di f ferent ia ted spots  m a y  be  products  of a m m o -  
nolysis  of c e r t a in  of the g roups  ment ioned.  Although we have n e ~ t h e r  p roven  
nor  d i sprcven  t h i s ,  it should be noted that  the versa t i l i ty  nf the  new solvent 
8 .  Ge ra ld  S. Crowley,  Dl ssertat icln:  i nve r t eb ra t e  S-rological  Responses ,  
Univers i ty  of San F r a n c i s c o ,  1962,  
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Fig .  1 - 1. Radioautograph of chromatograrn of ex t r ac t  of 14c- labe led  
ch lorop las t s ,  developed to the edges  of the paper  only with 
(1 )  semis tench  (14 h r )  and (2 )  n-butanol-propionic acid-water 
(7 h r ) .  Abbreviations:  F M P ,  T r u c t o s e  monophosphate; GMP, 
glucose monophosphate; HDP,  glucose and f ruc tose  diphosphate s ;  
hexonic a c i d - P ,  monophosphate of an  unidentified hexonic acid;  
P E P ,  phosphoenolpyruvic acid;  2-PGA, 2 -phosphoglyceric acid;  
3 -PGA,  3 -phosphoglyceric acid;  RiMP,  r ibose  monophosphate; 
RuDF, r ibulose diphosphate;  UDPG, uridinediphosphoglucose. 
UCRL-  10743 
F ig .  1-2.  Radioautograph of ch roma tog ram of s ame  ex t r ac t  a s  in 
F ig .  1 - 1, developed to the edges  of the  paper  only with 
(1 )  phenol-water (12 h r )  and ( 2 )  n-butanol-propionic acid-water 
(7 h r ) .  Abbreviations:  Sugar  DP, suga r  dipho sphate s ;  o t h e r s  
a s  fo r  Fig .  1-1 .  
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sys t em i s  such that  an  equimolar  quantity of t r imethy lamine  m a y  be  subs t i -  
tuted fo r  the  ammonia  without affecting the chromatographic  pat tern .9  
A s  with the phenol sy s t em,  ch roma tog rams  developed only to the  edges 
of the  pape r  with semis tench  and butanol-propionic acid  show the phosphate 
e s t e r s  congregated c lose  to the or igin  and inadequately separa ted .  Be t t e r  
resolut ion of these  subs tances  may  be  obtained by  overrunning the ch roma to -  
g r a m s  fo r  40 to 60 h r  in semis tench  and 20 to 24 h r  in butanol-propionic acid .  
However,  in th i s  c a s e ,  the mobi l i t ies  of the  var ious  phosphates with r e s p e c t  
to a s p a r t i c  ac id  a r e  not the s a m e  a s  when the ch roma tog rams  a r e  developed 
to the  edges  of the paper  only. Table 1-11 l i s t s  the  R+va lues  under o v e r r u n -  
ning conditions with r e f e r ence  to 3 -pho sphoglycer ic  acid ,  and a radioautogram 
i s  shown in F ig .  1-3 .  These  different  mobi l i t ies  a f te r  prolonged ch roma to -  
g raph ic  development m a y  probably be  a s c r i b e d  to t h r ee  f ac to r s :  ( a )  g r e a t e r  
es te r i f i ca t ion  in  the solvent with increas ing t ime  a f te r  mixing (this  would be 
of g r e a t e r  significance with butanol-propionic acid-water, a s  th is  solvent  i s  
f r e sh ly  p r e p a r e d  and es te r i f i ca t ion  would thus b e  p r o g r e s s i v e ) ,  (b)  d i f ferent ia l  
evaporat ion of component substances  in the mix tu re ;  ( c )  paper -chromatographic  
separa t ion  of the solvent consti tuents t hemse lves ,  resul t ing in a s e r i e s  of 
bands  of varying composit ion along the  ch roma tog ram.  
Differences  in solvent composit ion a t  varying s tages  a f te r  p repara t ion  
and during one-dimensional  ch roma tog rams  a r e  shown in Table 1-111. After  
development the  wet ch roma tog ram w a s  cut  into s t r i p s ,  7 . 5  c m  wide,  pe rpen-  
dicular  to the  di rect ion of solvent t rave l .  Liquid was  obtained f r o m  each  s t r i p ,  
a s  wel l  a s  f r o m  res idua l  solvent in the  t rough.  Al l  these  s amp le s  w e r e  ana -  
Lyzed by vapor  -phase  chromatography,  using a polymetaphenyl e the r  column 
a t  90" f lushed with hel ium.  Quantitative de te rmina t ions  of the s epa ra t ed  com-  
ponents w e r e  made  by m e a s u r e m e n t s  of the peak heights .  Smal l  amounts  of 
e s t e r s  would probably have been  obscured  by the  carboxyl ic  ac id  peak.  I t  
wil l  be s een  f r o m  Table  1-111 that  n-butanol-propionic acid-water, but  not  
s emi s t ench ,  l o s e s  wa te r  s imply b y  standing in the  t rough.  Both solvents  show 
changes a s  they flow down the pape r ,  becoming re la t ively  poor in w a t e r  with 
increas ing  dis tance t rave led .  Semistench a l s o  becomes  re la t ively  p o o r e r  in 
n-butanol and  in  the ac id  component. 
- 
Some subs tances ,  notably carboxylic a c i d s ,  have different  mobi l i t i e s  
in butanol-propionic ac id ,  depending on whether  the  solvent in the f i r s t  d imen-  
s ion was  semis tench  o r  phenol-water .  This  might  b e  explained a s  a r e s u l t  
of the fo rmat ion  of the ammonium sa l t s  a f te r  development in semis tench ,  the 
ammon ium s a l t s  then having lower  mobi l i t ies  than the f r e e  ac ids  in butanol- 
propionic acid .  This  would be par t i cu la r ly  significant  f o r  the dicarboxyl ic  
and oxocarboxylic ac id s ,  a l l  of which a r e  considerably  s t ronge r  ac id s  than 
propionic.  
9 .  Johanne s Ul l r ich,  in Bio -Organic  Chemis t ry  Qua r t e r l y  Repor t ,  
UCRL-9900, Sept. 1961, p. 30. 
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Two further propert ies  of semistench a r e  worthy of mention. F i r s t ly ,  
the flexibility of t h e  system enables i t s  hydrophilicity to be increased  o r  
decreased  a t  will to suit par t icular  c ircumstances.  Increasing the water  con- 
tent a t  the expense of the alcohols allows the m o r e  water-soluble components 
to mig ra te  fur ther ,  and vice versa .  The second property i s  of value in p r e -  
paring substances for use in microbiological a s say  and in enzymology. No 
ma t t e r  for  how long a paper chromatogram i s  dr ied  i t  i s  a lmost  impossible 
to remove a l l  t r aces  of many solvents, even af ter  development with another 
solvent. T race  amounts of phenol can poison both enzymic and microbiolog- 
ica l  sys t ems ,  but t r aces  of isobutyric acid presents  no apparent difficulty in 
this  respec t .  
Table 1-11. Effect of overrunning on R3 -phosphoglyceric acid of 
phosphates. Chromatograms developed elther to edge of paper 
(12 h r  for semistench; 8 h r  for n-butanol-propionic acid-water) o r  
over run  for 60 h r  in semistench-and 20 h r  in - n-butanol-propionic 
acid-water (BuPr  ) 
Fructose-6-phosphate  
F ruc tose  dipho sphate 
Glucose - 6 -phosphate 
Phosphoenolpyruvic acid 
2 -Phosphoglyceric acid 
3 -Phosphoglyceric acid 
Ribose-  ;-phosphate 
Ribulo se  dipho sphate 
Uridinedipho sphogluco se  
Aspar t ic  acid 
R -phosphoglyceric acid 3 
Chromatogram developed Chromatogram 
to edge of paper  only over run  
Semistench BuPr  Semi stench BuPr  
W 
GLUTATH IONE F- 2 
-I 
RtMP 0 Z 
a 
J- 
3 
FM P m 
2! 
- ( I )  SEMISTEFICH (60 HR) 
Fig .  1-3 .  Radioautograph of ch roma tog ram of s a m e  ex t rac t  a s  in  
F ig .  1 - 1 ,  developed beyond the edges  of the paper  with ( 1 )  s e m i -  
s tench ( 6 0  h r )  and ( 2 )  n-butanol-propionic acid-water (20  h r  ). 
Abbreviations a s  for  F i g .  1 - 1. 
Table  1 -111. Alterat ion of solvent composit ion during ch roma tog ram development.  
Percentage (v/v) of each component i n  the mix tu re  
1. Semistench 
Stock bottle 
Chromatography t rough,  
a f te r  development 
Water  Isopropanol  g -Propanol  n-Butanol  I sobutyr ic  ac id  
26.5 1.9 9 .1  1.9 60.6 
Chromatogram,  0-7.5  c m  18.4 1 .0  6.3 7 .7  66.5 
Chromatogram,  7.5 - 15 c m  16.6 1.1 6.0 7.7 68.7 
Chromatogram,  15-22.5 crn 15.5 1.2 6.3 7.5 69.6 
Chromatogram,  22.5-30 c m  16.5  1.2 6.6 7 .4  68.3 
Chromatogram,  30-37.5 c m  16.0 1.4 6.6 7 .5  68.4 
2. 2-Butanol-propionic a c i d w a t e r  Water  
Stock bott le,  f r e s h  30.7 
Stock bott le,  a f t e r  24 h r  31.5 
Chromatography trough, a f te r  
development (24 h r  old) 
Chromatogram,  0-7.5 c m  
Chromatogram,  7 .5-  15 c m  
Chromatogram,  15-22.5 c m  
Chromatogram,  22.5-30 c m  
Chromatogram,  30-37.5 c m  
n - Butanol 
-
46.8 
Prop ion ic  ac id  
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2 .  CHROMATOGRAPHY O F  PLANT LIPIDS ON ALUMINA PAPER 
Har tmu t  K. Lichtenthaler  
1 In  a previous  paper  the separa t ion  of natural ly  occur r ing  quinones and 
fat-soluble vi tamins  on a commerc ia l ly  available paper  containing an a lumina 
f i l l e r  was  repor ted .  Th is  new chromatographic  technique provides  rap id  and 
r eady  separa t ion  of var ious  l ipid-soluble compounds tes ted  in v e r y  sho r t  de -  
velopment t imes .  I t  was  found a l so  to be  applicable to na tura l  ex t r ac t s .  
The investigation of the p roper t i es  of the alumina paper  towards  the  
separa t ion  of quinones and other  plant l ipids h a s  been continued by tes t ing 
va r ious  additional solvents .  The e a r l i e r  r e su l t s  and the new findings a r e  d e -  
s c r i bed  h e r e  in g r e a t e r  deta i l .  The Rf ' s  have been  es tabl ished for  d i f ferent  
solvents ,  and these  values  have been  checked fo r  reproducibil i ty.  The d i r e c t  
application of the new technique to plant ex t r ac t s  a s  well  a s  the l imi ta t ions  of 
the method have been  examined c r i t i ca l ly .  
Resu l t s  and Discuss ion 
Chromatography of pu re  compounds 
By the p rocedure  descr ibed  e a r l i e r , '  a l l  known fat-soluble v i tamins  
and  var ious  natural ly  occur r ing  quinone s have been  separa ted  success fu l ly .  
The  efficiency of the  Schleicher  and Schuell  f i l t e r  paper  No. 288 for  the  s epa -  
ra t ion  of l ipid-soluble quinones and vi tamins  i s  due to i t s  content of a lumina .  
On o rd ina ry  f i l t e r  pape r  the  quinones,  v i t amins ,  and be ta -caro tene  a r e  s epa -  
r a t e d  only poorly o r  not a t  a l l .  Reve r se -phase  pape r  chromatographic  t e ch -  
niques using vasel ine ,  paraff in ,  o r  si l icone a s  the  p r i m a r y  phase  a r e  l imi ted  
by the sma l l  amount of m a t e r i a l  that  can be applied to the paper  and by  the 
impossibi l i ty  of eluting the separa ted  compounds fo r  fu r ther  ana lys i s  without 
s imul taneous extract ion of the impregnated oi l .  Alumina pape r ,  however ,  h a s  
a n  obvious advantage in  i t s  h igher  adsorpt ion capacity.  I t  h a s  the addit ional  
advantage of absorbing quinones and vi tamins  m o r e  s t rongly than be ta -caro tene .  
Moreove r ,  the separa ted  compounds can be e luted uncontaminated.  Quinones 
isola ted f r o m  na tura l  ex t r ac t s  by th is  new technique showed absorpt ion spec t r a  
in the  ultraviolet  region that  w e r e  in good ag reemen t  with the data r epo r t ed  in 
the l i t e r a tu r e .  
Cyclohexane and  a mix tu re  of cyclohexane and benzene (7 13) w e r e  found 
to be convenient for  the separa t ion  of v i tamin K f r o m  p-caro tene  and f r o m  1 
o the r  quinones. This  p rocedure  a l so  produced the  pu re s t  p -caro tene .  F o r  
the isolat ion of plastoquinone 9,  coenzyme Q10 and a- tocopherol ,  a  m ix tu re  
of cyclohexane and benzene (3 :7)  o r  pu re  benzene w a s  used.  a -Tocophery l -  
quinone was  b e s t  s epa ra t ed  f r o m  accompanying l ip ids  with the benzene-ch loro-  
f o r m  mix tu re  (1:  l ) ,  and fo r  v i tamin D2 and vi tamin A pure  ch loroform 
provided good separat ion.  
1. H. K. Lichtenthaler ,  in  Bio -Organic  Chemis t ry  Quar te r ly  Repor t ,  
UCRL- 10479, Sep tember  1962, p. 44. 
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The adsorption sequence on the alumina paper  follows the lipid c h a r -  
a c t e r  of the  compounds being chromatographed. Molecules with a high lipid 
solubility ( e .  g. , hydrocarbons)  a r e  adsorbed to a much sma l l e r  extent than 
o the r s  with m o r e  hydrophilic groups.  In the ca se  of the quinones, one might 
a s s u m e  that  their  lipid c h a r a c t e r ,  and consequently their  o rde r  of migrat ion,  
a r e  determined by the length of the side chain in position 3. However,  i t  will 
be  seen that  this i s  only par t ia l ly  t rue .  Thus ,  plastoquinone 9,  a 5,  6-dimethyl-  
3-solanesyl-benzoquinone with 9 i soprene units (C 45) in the side chain, has  a 
higher  Rf than coenzyme Q1 0, a 5, 6-dimethoxy-2-methyl-benzoquinone with 
10 isoprene units (C 50)  in position 3. Thus,  methoxy groups in place of 
methyl  groups lower the Rf value considerably.  The s t ruc tu re  of the com-  
pounds d i scussed  i s  r ep re sen ted  in F ig ,  2-1. a-Tocopherylquinone, a 5 , 6 -  
dimethyl benzoquinone with a 3 '-hydroxy phytyl side chain (C 20),  when 
compared  with PQ9 and Q10 has ,  a s  may be expected,  a significantly lower 
mobili ty on the ch roma togram.  F o r  vitamin K1 (2-methyl-3-phytyl naphth- 
quinone),  which h a s  the phytyl group ( a s  does TQ) but no hydroxyl group,  one 
could expect a chromatographic  mobility somewhat g r e a t e r  than that  of TQ. 
I t s  Rf value,  however ,  i s  even higher than those of the long-side-chain qui-  
nones PQg and QlO.  This  fact  m u s t  be a sc r ibed  to the possession by the 
naphthoquinone ring of a lipid charac te r  apparent ly  g r e a t e r  than that  of benzo-  
quinone. In spite of i t s  phenolic hydroxyl and i t s  shor t  side chain of only 15 C 
a t o m s ,  a -tocopherol,  the chromanol f o r m  of TQ, shows a higher Rf than TQ. 
Th i s  behavior and that  of vi tamin K1 prove that  double-ring s t ruc tu re s  p o s s e s s  
a higher  lipid solubility than single - ring sys t ems .  Thus,  comparison of s t r u c  - 
t u r e  and Rf values m a k e s  i t  c l ea r  that apa r t  f r o m  the length of the polyiso - 
prenoid side chain,  the a r r angemen t  of substi tuents in the quinone molecule  
i s  of essen t ia l  significance fo r  the position on the chromatogram.  
Various o ther  solvents such a s  isooctane,  petroleum e the r ,  carhon 
te t rach lor ide ,  and toluene,  o r  mix tures  thereof ,  we re  tes ted  for  separat ion 
of l ipid-soluble quinones and vi tamins.  They a l so  provided good separat ion,  
but had no advantages ove r  the solvents descr ibed .  More  polar  solvents l ike 
pyridine,  methanol,  and acetone were  of no value,  since a l l  fa t -  soluble sub - 
s tances  tes ted  had Rf values  h.igher than 0.9 in these solvents.  
In Table 2-1 the Rf values  in the different solvents of quinones and 
vi tamins,  a s  well  a s  some  plant pigments,  a r e  l is ted.  The values of the 
t e s t ed  substances  va r i ed  within narrow l imi t s ,  especial ly  when na tura l  ex t r ac t s  
w e r e  applied. The re  w a s ,  however ,  no change in the o r d e r  of migrat ion.  
Normally ,  the wal ls  of the chromatographic  tank w e r e  l ined with f i l t e r  
pape r  mois tened with solvent.  If this was not done, higher  Rf values w e r e  
obtained. In ca se  a (Table  2 - I ) ,  where the g l a s s  tank was  sa tura ted  with the 
solvent,  the solvent t rave led  much fur ther  f r o m  the s tar t ing point p e r  t ime  
unit than in ca se  b (Table  2-11? where  the solvent par t ia l ly  evaporated f r o m  
the chromatogram.  Thus ,  in  calculation of ~ f ' s ,  higher values w e r e  obtained. 
This  fact  h a s  to be  taken into account when highly volatile solvents a r e  used,  
and par t icu la r ly  when sho r t  development t i m e s  a r e  employed, a s . i n  the work 
d i scussed  h e r e  (1  to 2 h r ) .  Therefore ,  in a l l  fu r ther  exper iments  the wal ls  
w e r e  covered  with f i l t e r  paper  in o r d e r  to ensu re  saturat ion of the tank with 
the solvent and to obtain reproducible Rf va lues .  
K l =  Vifarnin Kl pQ g= Plastoqulnone 9 
Qlo = Coenzyme QIO TQ = d- Tocopherylguinone 
T =  D, d- Tocopherol 
f Vitamin E) 
Fig .  2 -  1. Compar i son  of the s t r u c t u r e s  of the quinones and v i t amins  
f r o m  spinach l eaves .  
Table 2-1, R1 values fo r  natural ly  occur r ing  quinones,  fa t -soluble  v i t amins ,  
alld plant pigments on Schleicher  and Schuell No. 288 paper .  
Solvents 
Cyclo - Cyclo - Cyclo - ~ e n z e n e /  I s o -  P e t .  
hexane hexane/ hexane/ CHC13 CHC13 octane e the r  CHC14 Toluene 
Compounds benzene benzene Benzene ( I  + 1) (bp 30-60") 
( 7 t 3 )  ( 3 t 7 )  
- ,   
Chl a + b  - - - - - - - - - - 0.04 0.04 0.08 - - - - - - - - - - 
a .  Walls of tank lined with solvent-wet ted f i l t e r  paper .  
b. Walls  of tank not lined a s  in  (a ) .  
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Chromatography of plant ex t r ac t s  
The method descr ibed  h e r e  h a s  been  u sed  successful ly  for  examining 
var ious  plant  ex t rac t s .  I t  migh t  a l so  be  employed for  an ima l  t i s sue  ex t r ac t  
ana lys i s ,  a possibil i ty now under  investigation.  p-Carotene,  the pr incipal  
compound accompanying and often masking quinones and vi tamins  in na tura l  
e x t r a c t s ,  r uns  a lmos t  with the  solvent f ron t ,  while the chlorophylls  and xan-  
thophylls r e m a i n  pract ical ly  on the s ta r t ing  l ine .  Thus,  these  normal ly  in te r  - 
fe r ing  subs tances  do not affect  the separa t ion  of the o ther  l ip ids .  
L a r g e  amounts  of extraneous fat ty m a t e r i a l  in the ex t r ac t ,  however ,  
have a considerable  influence on the Rf values  of the quinones and m a y  cause  
poor  separa t ion .  This i s  pa r t i cu l a r l y  t r u e  for  ex t r ac t s  f r o m  whole l e aves .  
The re fo re ,  pur i f icat ion by column chromatography should p recede  the s e p a r a -  
tion on pape r .  Repeated pape r  chromatography i s  a l so  advisable .  The appl i -  
cation of the  new technique to plant  ex t r ac t s  t he r e fo re  quickly provides  in for -  
mat ion a s  to whether  quinone s o r  tocopherols  a r e  p r e sen t ,  before  f u r t h e r  
pur i f icat ion and final isolat ion a r e  c a r r i e d  out. When p re l im ina ry  column 
chromatography  i s  employed,  the method i s  ve ry  useful  in detecting and  iden- 
tifying the quinones in the va r ious  f rac t ions  eluted.  I t s  application a s  a t e s t  
of pur i ty  of the  isola ted compounds i s  a l s o  of g r e a t  significance.  
With the new method, s eve ra l  quinones and. a- tocopherol  w e r e  found in 
ch lorop las t s  and quantasome s of spinach,  Some of these  qu i~ lones  w e r e  iden- 
t if ied a s  vi tamin K plastoquinone 9, and  a -tocopherylqu.inone. Coenzyme 1' Q l o ,  p r e s e n t  in the l eaves  of spinach,  was  not detected in ch lorop las t s  and 
quan tasomes .  F u r t h e r  study i s  r equ i r ed  fo r  the identification of the  o ther  
quinones indicated on the  ch roma tog rams .  These  may  cor respond  to o ther  
plastoquinones and tocopherylquinones which recen t ly  have been shown to 
occur  in c h l 0 r o ~ l a s t s . 3  
2 .  H. K. Lichtenthaler  , in Bio -Organic  Chemis t ry  Qua r t e r l y  Repor t ,  
UCRL-10479, Sept. 1962, p.  37. 
3. M. D. Henninger ,  R. A, Dil ley,  and F. L o  Crane ,  Biophys. Biochem.  
R e s .  Comm.  - 10: 237 (1963) .  
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3 QUIXONE AND FIGMENT GOh/IPOSLTION O F  CHLOR.OPLASTS 
.4ND QU-41\TTASOMZS FROM SPINACEA OLERACEA 
- 
Various  stud.ies h a - ~ e  been made  on the lipid components of p lants  and 
ch lorop las t s ,  These  invest igat ions  deal  mos t ly  with the  isolat ion and  de t e r  - 
rnination of chlorophvlls  and ca ro teno ids .  Much l e s s  at tention h a s  been 
paid to o ther  lipid subs tances  T h u s ,  the phosphatides and glycolipids w e r e  
cha rac t e r i zed  and de te rmined  only m o r e  r ecen t ly .3  On o ther  (mos t ly  m i n o r )  
const i tuents  of the lipid. por t ion o u r  k ~ o w l e d g e  i s  s t i l l  l imi ted.  The i n fo rma-  
tion on quinone s and related. compounds i s  v e r y  unsat is factory.  
In 1936 vi tamin K1 ,was i so la ted  f r o m  var ious  h igher  plants  and d e t e r -  
mined  quanti tat ively in a b:olog:cal t e s t e 4  Thls  was  the f i r s t  na tura l  quinone 
with an  ubiqui-tuous dis t r ibut ion In a l l  g reen  p a r t s  of h igher  plants .  Other 
quinones ,  such a s  lapachol o r  1orn.atiol: could b e  isola ted f r o m  plant  t i s s u e s .  
They w e r e ,  however ,  1.imited to a few spec ies  only. Dam located v i tamin  
K1 in ch lorop las t s  and showed that  the cytoplasm contained l i t t le  o r  no vi ta-  
5 min  K1. K1, being a lways a s soc i a t ed  with the  photosynthetic t i s sue ,  w a s  
soon cons idered  to par t i c ipa te  in  photosynthesis .  This  assumpt ion  was  fu r the r  
supported by i t s  detection in  Chlore l ia ,  the s tandard  object  of photosynthetic 
--- 
r e s e a r c h ,  and a l so  by s tudies  of the  re la t ionships  between the fo rmat ion  of 
chlorophyll  and K , .  P l an t s  growp In the d a r k  do not synthesize chlorophyll  
and K1. seed l ings  of P i c e a  canadens i s ,  . - however ,  which do f o r m  chlorophyll 
in  the d a r k ,  produced. K1 a1sc.b 
All  t he se  findings s t i l l  did not reveal. the poss ible  s i t e  of act ion fo r  K1 
in photosynthesis ,  but  I.ed to a g r e a t  many speculat ions .  When i t  w a s  demon-  
s t r a t e d  tnat  quinones could b e  subst i tu ted fo r  dyes and fe r r icyan ide  in  the  
Hi l l  r e a ~ t i o n , ~  the pos j i b i e  function of K1 a s  zn e lec t ron  accep tor  w a s  d i s -  
c u s s e d ,  In comparing the redox  potentials  of Hil l  r eagen ts :  Wesse l s  postu-  
l a ted  that  " K ~  s e r v e s  a s  the init ial  e l ec t ron  accep tor  in photosynthesis .  ' I 8  
R. Wi l l s ta t t e r  and A.  Stoll:  U n t e r  suchungen uber  Chlorophyll  (Be r l i n ,  
---- 
m 3 ! ,  p. l ab .  
A .  Seybold and I(. Eg;e3 P lan ta  26, 49 1 (193'71. 
-- 
J .  F. G. M. Win te rmans ,  Bi.ocherrl e t  Eiophys.  Acla --- 44,  49 (1960). 
H.  Dam,  Schonheyder Tage ,  and Hanser, B iochem,  J 30.  837 (1936); 
-
Biochem.  J .  30 1075 41936) 
-
H. D a m .  E .  Hjor th .  and 1. . K r ~ s e ,  P l a n t  Physiol .  - I ,  3'79 ,19481 
H.  D a m  and J Glavind, Biochem J .  32 ,  485 (19383 
-
0. Warburg  and W .  Lutrgens ,  ill Schwermetai le  a l s  Wirkungsgruppen von 
- 
F e r m e n t i n ,  {Saenger ,  B e r l ~ r i  194'?;0> p. l ?  5. 
J .  S ,  C ,  Wesse l s ,  E e c .  t r a v .  Chim.  . P a y s - B a s ,  7 3 ,  529 (1954) 
- 
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He suggested fu r the r  that  chlorophyll  and K1 m a y  occu r  in a constant  molecu la r  
r a t i o  of about 200 to 1 ,  and r e p r e s e n t s  a functional group in the photosynthetic 
appa ra tu s .  More evidence w a s  given fo r  th i s  suggest ion,  when i t  w a s  shown 
that  the m o l a r  ra t io  of chlorophyll  to K1 w a s  re la t ive ly  constant  in p lant  f a m -  
i l i e s . 9  In  genera l ,  20 to 40 molecu les  of chlorophyll  a to 1 molecule  of K1 
w e r e  found in h igher  p lants .  Arnon found that  K1 derTvatives such a s  m e n a -  
dione and other  naphthoquinone s  w e r e  powerful  ca ta lys t s  of photosynthetic 
phosphorylat ion.  l  
When Lynch and F r e n c h  ex t rac ted  f r e e z e - d r i e d  ch lorop las t s  with 
pe t ro l eum e the r ,  l  the abi l i ty  of the ch lo rop las t s  to reduce  dichlorophenol-  
indophenol photochemically w a s  los t .  They a t t r ibu ted  th i s  change t o  the  ex -  
t r a c t i on  of p -ca ro tene ,  s ince  adding a pa r t i a l ly  pur i f ied  p -ca ro tene  r e  s t o r e d  
the Hi l l  ac t iv i ty .  Bishop demons t ra ted  that  p u r e  p -ca ro tene  had no effect  on 
the reac t iva t ion  of the Hi l l  r e ac t i on  in ex t r ac t ed  ch lorop las t s .  l 2  He a s c r i b e d  
the e f fec t  to K1, which Dam had  r epo r t ed  to be  loca ted  in ch lo rop las t s .  In 
ana lys i s  of pe t ro leum e the r  e x t r a c t s  f r o m  ch lo rop l a s t s ,  no apprec iab le  amount 
of K1 w a s  found. Th is  r e s u l t  w a s  conf i rmed by  z i l l . 1 3  At  this  t lme  Crane  
i so la ted  plastoquinone f r o m  ch lorop las t s ,14  and Bishop showed that  the r e s -  
to ra t ion  01 the photochemical  act ivi ty of ex t r ac t ed  ch lorop las t s  w a s  due to th i s  
new quinone.  l  Whether v i t amin  K1 o r  pe rhaps  o ther  quinones w e r e  p r e s e n t  
in ch lo rop las t s  w a s  s n l l  unknown. 
P a r k  and P o n  in th is  Labo ra to ry  i so la ted ,  f r o m  sonically r up tu r ed  
ch lorop las t s  the quantgsome s ,  m o r p h ~ l o g i c a l  subunits  of g r ana  l ame l l ae .  16 
T n e s e  p a r t i c l e s ,  100 A thick and 200 Ain d i a m e t e r ,  contain approximately  
180 chlorophyll  mo lecu l e s ,  a calculat ion b a s e d  on  the chlorophyll- to -n i t rogen 
ra t io .  About one half of the weight  of quan tasomes  cons i s t s  of p ro t e in s  and 
the o t h e r  half of l ip ids .  In  a n  overa l l  study of t h e i r  chemica l  composi t ion,  a n  
ana ly s i s  of the l ipids f r o m  quan tasomes  w a s  s t a r t ed .  Of pa r t i cu l a r  i n t e r e s t  
w e r e  the determinat ion of plastoquinone and the s e a r c h  fo r  v i tamin K1 and 
o the r  compounds that  could function a s  e l e c t ron  a c c e p t o r s  and poss ibly  be  
ca t a ly s t s  in  the photochemical  react ion of photosynthes is .  I t  was  a l s o  of i m -  
por tance  to investigate whe ther  the l ip ids  a r e  loca ted  in the s a m e  re la t ive  
concentra t ions  in the  quan tasomes  a s  they a r e  in  the whole ch lo rop las t s .  
9. H. K.  L ich ten tha le r ,  P l an t a  57, 731 (1962).  
-
10. D. I .  Arnon,  Fed .  P r o c .  20, 1012 (1961).  
-
11. V.  H. Lynch and  C. S. F r e n c h ,  Arch .  Biochem.  70,  382 (1957).  
-
12. N. I .  Bishop,  P r o c .  Natl .  Acad.  Sci.  ( U .  S .  j 44, 501 (1958) .  
F 
13. L .  P Zi l l  and E A .  H a r m o n ,  Biochim. e t  Biophys.  Acta  57, 573 (1962) .  
-
14. F. L. Crane ,  P l a n t  Phys io l .  34,  128 (1959).  
-
15. N. I .  Bishop,  P r o c .  Natl .  Acad.  Sci .  (U. S .  ) 45,  1696 (1959). 
-
16. R .  B .  P a r k a n d N .  G.  Pon ,  J. Mol. Biol.  3 ,  l ( 1 9 6 1 ) .  
- 
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Expe r imen ta l  P r o c e d u r e s  
Isola t ion of chloroplas ts  
Chloroplas ts  w e r e  i so la ted  by a  sl ight  va r i a t i on  of the p rocedure  de -  
s c r i b e d  by P a r k  and Pon  l 6  Spinach,  obtained f r o m  a  loca l  m a r k e t ,  w a s  
washed  with tap  wate r , ,  m i d r i b s  w e r e  r emoved ,  and  tne r ema inde r  of tne l e aves  
(500 gl homogenized f o r  30 s e c  in 1000 r ~ l  s u c r o s e  (0  5 M)-po tass ium phos-  
phate ( 0 . 1  M! buffer ad jus ted  to  pH 7 . 0  Af t e r  f i l t r a t i on th rough  e ight  l a y e r s  
of c h e e s e c z t h ,  ce l l  d e b r i s  w a s  removed  f r o m  the  f i l t r a te  by centrifuging a t  
200Xg fo r  5 mi11 The superna tan t  was  then centr i fuged a t  lOOOXg fo r  15 min  
to  p rec ip i t a te  the ch lo rop l a s t s .  T h e  l a t t e r  w e r e  suspended in  the s a m e  bu f f e r  
and centr i fuged a t  500Xg f o r  15 min .  The ch lorop las t  p rec ip i t a te  w a s  r e s u s -  
pended in po tass ium phosphate  buffer  of ph' 7.0.  Th is  p rocedure  r e su l t ed  in a 
cons iderab le  l o s s  of ch lo rop l a s t s  However ,  r i go rous  purif icat ion w a s  deemed  
n e c e s s a r y  to en su re  a  pu re  ch lo rop las t  f r a c t i on  not  contaminated by o ther  c e l l  
p a r t i c l e s ,  such a s  mi tochondr ia ,  which conta in  coenzyme Q10 and pe rhaps  
o t h e r  quinones .  Centr i fugat ion of the r e suspended  1  OOOXg prec ip i t a te  a t  500Xg 
gave a  pu re  chloroplas t  f r a c t i o n  f r e e  of any in te r fe r ing  contaminat ions .  
Isola t ion of quantasome s  
The ch lorop las t  suspens ion  w a s  son lca ted  in a  Raytheon son ica to r  f o r  
90  s e c  The rup tured  ch lo rop l a s t s  we re  cen t r i fuged  a t  20, 000Xg 110 m i n )  and 
then a t  145,  000 Xg (30 m l n )  The la s t  centr i fugat ion gave t h r e e  p r inc ipa l  f r a c -  
t i o n s  A g r een  p rec ip i t a te  ( agg rega t e s  of 5  t o  6 quan t a somes ) ,  a  c o l o r l e s s  
superna tan t  and a l a y e r  of l ipid-containing m a t e r i a l ,  which r i s e s  t o  the s u r  - 
f a c e  of the  tube dur ing centr i fugat ion The quan tasome f r ac t i on  w a s  suspended 
in phosphate bu f f e r  of pH 7. All  opera t ions  dur ing  isola t ion of ch lo rop las t s  
and quan tasomes  w e r e  c a r r i e d  out n e a r  o r  a t  0" C .  When the ch lorop las t  o r  
quan tasome suspensjoris  w e r e  not u sed  immed ia t e ly  a f t e r  isolat ion,  they w e r e  
kept  in the  da rk  and i n  the cold  room n e a r  0" C unti l  f u r t he r  t r e a tmen t .  
Ex t r ac t i on  of l ipids 
- - 
Chloroplas t  o r  quan t a some  s u ~ p e n s i o n s  containing approx imate ly  100 m g  
of chlorophyll  w e r e  slowly poured  with continuous shaking lnto 500 m l  aqueous  
ace tone ,  so  that the final ace tone  concen t ra t ion  w a s  80% '0 The ex t rac t ion  
s c h e m e  1s outlined in  F!g 3 - i The dena tured  p ro t e in  w a s  r emoved  by cen-  
trifu.galion at  500 X g f o r  5  m l n  The supe rna t an t  chlorophyll  ex t r ac t  w a s  
coi lec ted and an  al iquot w a s  taken fo r  the chlorophyl l  d e t e r m ~ n a t i o n .  The 
ex t r ac t i on  of l ipids with ace tone  w a s  incomplete  despi te  the a l m o s t  quant i ta-  
t ive extraction of chlorophyl ls  The g r e v  r e s i d u e  t he r e fo r e  was  f u r t h e r  
ex t r ac t ed  with 100 rnl a c e t o n e ,  200 m l  of a  m i x t u r e  of ace tone- i sooc tane  (1 :1 ) ,  
and  200 m l  pu re  i sooc tane  The combined e x t r a c t s  w e r e  placed in a s e p a r a t o r y  
funnel ,  a solution of s a t u r a t e d  sodium ch lor ide  w a s  added,  and by s l ight  shak -  
ing a l l  i ip id -  soluble compounds w e r e  d i s so lved  in  the  epiphase  The hypophase 
w a s  r e - e x t r a c t e d  twice  with isooctane to l e ave  a co lo r l e s s  solution,  
T r e a t m e n t  with s a t u r a t e d  sodium ch lo r i de  solution p reven ted  the  fo r  - 
mat ion  of emu!sions on the  i n t e rphase ,  which ~ s u a l l y  o c c u ~ s  when p u r e  w a t e r  
i s  u s e d  ~ n s t e a d ,  Also  a quarititative ex t r ac t i on  of the  hypophase w a s  a c c o m -  
pl ished When occas iona l ly  emu l s ions  w e r e  f o r m e d ,  they w e r e  b roken  by 
centr i fugat ion a t  lOO0Xg fo r  5 min .  The  i sooc tane  e x t r a c t  was  d r i e d  with 
UCRL- 10743 
VC- ( A t :  a l i q u o t  con ta in in :  
3;out 133  .I; c : ~ l o r o ~ h : ~ i l )  
e x t r a c t 4  w i t 3  aryeou: 
a c e t o n e  8 3 G ,  503 a i l  
500 x g, 5 :nin 
- lonulnea e x t r a c t s  
a d d i t i o n  o r  sa turnred  
.J C1 s o l u t i o . i ,  353 11 
\L 
e x t r d c t i o n  xit!i 
7 .  x 150  ,nl i s o c c t a n e  
F i g .  3- 1. D i a g r a m  of c h l o r o p l a s t  and  quan tasome  ex t rac t ion .  
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anhydrous  sodium sulfa te .  ccncentra ted In vacuo to a s m a l l e r  volume,  and 
s to r ed  under  a rgon  in the  de rk  and in the deep f r e e z e  fo r  fu r ther  purif ication.  
To avoid d e s t r ~ ~ c t i o n  of qulnories, al l  operat ions  during extract ion w e r e  c a r -  
r l ed  out i17 dim lzght  
A s m a l l  al iquot of the  e x r a c t  was  chromatographed on a lumina  paper  
by a technique de sc r ibed  e l sewhere .  Thi s  t e s t  qulckly gave informat ion on 
the  na ture  of qulnones and tocopherols  in the ex t r ac t  
Column chroma.topraphv of isooctane ex t r ac t  
The ex t r ac t  w a s  chromatographed on a column packed with a luminum 
oxide (Ignlted Powder ,  manufac tured  by Bake r  and Adamson) .  The dimensions  
of the column w e r e  6 c m  [d i ame te r  1 and 25  cnl  (height). Adsorbent  height was  
about 15 c m ,  The column w a s  mois tened with 200 ml of isooctane and then the 
e x t r a c t  was  placed on the colan-m and e luted with isooctane.  A sl ight  suction 
(vacuum l ine)  was  e n ~ p l o y e d ,  13-Carotene c a m e  through with 500 m l  isooctane 
in about 8 min .  F u r t h e r  elution w a s  c a r r l e d  out w ~ t h  600 m l  of pe rox ide - f r ee  
diethyl e t h e r .  Subsequently,  s eve ra l  yellow bands w e r e  eluted with 1 l i t e r  of 
a m ix tu re  of diethyl  ether-acetone 1 1.1  ). By fu r the r  development with the 
s a m e  mix tu re  the  chlorophylls  w e r e  e luted The to ta l  elution t i m e  va r i ed  b e -  
tween 20 and 30 min .  The t h r ee  f rac t ions  w e r e  concentra ted in vacuo and 
made  up to known volumes in  ca l ib ra ted  f l a sks .  Then they w e r e  placed in  the 
da rk  in the  deep f r e e z e  unti l  fu r ther  p u r i f i c ~ t i o n .  
Sma l l  s amp le s  of e ach  fra,ction w e r e  analyzed by chromatography,  by 
u se  of the method r epo r t ed  e a r l i e r  l7 The fractions contained the  following 
compo~inds  
F r a c t i o n  1, p - ca ro t ene ,  quinone s . and a - tocophero l  
F rac t i on  11 t r a c e s  of /'3 - c a r c t e n e ,  quinone s ,  and  phaeophytin. 
F r ac t i on  E I :  xanthoph yll s  , mainiy lu te in ,  violaxanthin,  and 
ne oxanthin 
Thus, the rap id  pape r  chromatographic  t e s t  gave good informat ion about the 
dis t r ibut ion of the l ip ids  in the di f ferent  f r ac t i ons .  Th i s  knowledge was  of 
g r e a t  impor tance  fo r  the fu r the r  pur i f icat ion and  jsolat ion of d i f ferent  com-  
pounds. 
Quinones and pigments  can be s epa ra t ed  on a n  a lumina  column in 
p u r e r  f rac t ions  by  choosing l e s s  po la r  solvents  and by avoiding suction.  Th i s ,  
however ,  r e s u l t s  i n  longer  elution t i m e s .  Since quinones ,  pa r t i cu la r ly  p las to -  
quinone 9 ,  a r e  par t ia l ly  des t royed  when in contact  w i t h  a lumina fo r  a few h o u r s ,  
sho r t  development t i m e s  w e r e  r equ i r ed .  The ave rage  t i m e  for  elution of the  
t h r ee  f rac t ions  indicated above was  between 20 and 30 min .  The chromatog-  
raphy of the  e x t r a c t s  on the  a lumina column provides  complete  and rap id  
separa t ion  of quinone s and ca ro teno ids  f r o m  chlorophyll  s  , which would i n t e r  - 
f e r e  with the de te rmina t ion  of the o the r  l ip ids  
1 7 .  H. K. L ich ten tha le r ,  P a p e r  2 in th is  r e p o r t .  
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Chromatography on polyethylene powder 
Another very  useful adsorben t  fo r  the separa t ion  of plant l ip ids ,  and 
pa r t i cu l a r l y  for  the isolat ion of quinone s , i s  polyethylene powder . Linea r  
polyethylene powder,  me l t  index 0 .9 ,  was  obtained through the cour tesy  of 
the Dow Chemical  Co, , Midland, Michigan. The development on th i s  column, 
however ,  i s  considerably  longer  and the adsorpt ion capacity i s  much l e s s  than 
that  of a lumina.  Thus,  for the  separa t ion  of l a r g e r  quanti t ies of e x t r a c t s ,  
columns with l a r g e r  dimensions have to be  used.  Since bigger  columns did 
ilot provide a sa t is factory separa t ion ,  the ex t rac t  had to be  divided and  ch ro -  
matographed  on two columns.  
The ex t rac t  in 70% aqueous acetone was  placed on a column that  was  
f i r s t  washed with 70% aqueous acetone.  The chromatogram was  developed 
with 7070 aqueous acetone and  the co lored  zones w e r e  success ive ly  eluted.  
F i r s t ,  s eve ra l  yellow bands moved down. They contained carotenoids ,  mainly  
violaxanthin,  neoxanthin, and lutein.  With 80% acetone,  the  chlorophylls  w e r e  
r emoved  f r o m  the column, leaving the ca ro tenes  , quinone s ,  and phaeophytin 
behind.  This  pigment zone w a s  cut f r o m  the column and ex t rac ted  with p e r -  
ox ide- f ree  diethyl e the r .  The ex t r ac t s  w e r e  concentra ted and analyzed by 
pape r  chromatography for  the i r  quinone content, a s  repor ted  before .  The 
quinones and a- tocopherol  w e r e  found in the p-carotene and phaeophytin f r a c -  
tion. 
The xanthophyll f rac t ion  w a s  t r a n s f e r r e d  f r o m  acetone into isooctane,  
following the p rocedure  de sc r ibed  in F ig .  3-  1. F o r  the separa t ion  of the 
xanthophylls f r o m  each  o ther ,  the e x t r a c t  was  chromatographed on Schleicher  
and Schuell  paper  No. 288, with 5% isopropanol in  pe t ro leum e the r  a s  solvent,  
using the  c i r cu l a r  technique. The ~ f ' s  w e r e  0.7 for  lu te in ,  0.4 fo r  v iola-  
xanthin,  and 0.15 fo r  neoxanthin. The carotenoids  could b e  eluted f r o m  the  
pape r  with diethyl e the r .  The spec t r a  taken in the  visible and ul t raviole t  
reg ions  w e r e  in good ag reemen t  with the  data repor ted  in the l i t e r a tu r e .  
Quanti tat ive determinat ion of suinones  and pigments 
Chlorophylls:  The chlorophyll  content was  de te rmined  with l ight-  
absorp t ion  m e a s u r e m e n t  in 8070 aqueous acetone a t  663 and 645 mw o r  a t  
652 m-p. fo r  a rough check accordiLg to the  method of MacKinney.18 Chloro-  
phyll a and  b w e r e  calculated separa te ly .  
- 
Xanthophylls: Lutein w a s  de te rmined  by measur ing  the optical  density 
in hexane  a t  447 m p ,  violaxanthin in hexane a t  438 mp., and  neoxanthin inhexane 
a t  433 mp.. Extinction values a r e  report.ed by ~ o o d w i n , ~ 9  but if these  w e r e  
unknown in hexane,  the  coefficient fo r  p -ca ro tene  was  used.  
18. G.  MacKinney, J. Eiol.  Chem.  140, 315 (1941). 
-
19.  T .  W .  Goodwin, in Modern Methods of P lan t  Analysis ,  Vol, 111, K. Paech  
and M. V. T racey ,  E d s .  (Spr inger -Yer lag ,  Ber l in ,  1955). 
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p-Caro tene :  The p-caro tene  content was  de te rmined  by measu r ing  the 
optical  densit  in  hexane a t  450 m p ,  using the m o l a r  extinction coefficient f r o m  
Zechme i s t e r .  -50 
Quinones and tocopherol:  F r o m  the quinone -containing f r ac t i ons ,  
quinones w e r e  isolated by pape r  chromatography on S ~ h l e i c h e r  and Schuell 
pape r  No. 288, using the solvents  de sc r ibed  ea r l i e r . "  The  quinones and 
a - tocopherol  w e r e  eluted with diethyl e t h e r ,  the e the r  evapora ted  in  vacuo,  
and the compounds taken up in the specia l  solvents fo r  which the specif ic  a b -  
sorpt ion coefficients w e r e  known. These  w e r e  hexane fo r  v i tamin K ~ , ~ ~  
ethanol fo r  a - toco he ry l  -quinone and a -tocopherol ,  2 2  and ethanol f o r  p las to  - 
quinone A and B.25 The concentra t ions  of the  substances  l i s t ed  h e r e  w e r e  
calcula ted f r o m  the  optical  densi ty  of the m e a s u r e d  solution accord ing  to the  
values  descr ibed  in  the l i t e r a t u r e .  
Resu l t s  and Discuss ion 
With the techniques de sc r ibed  in the exper imenta l  sect ion,  p igments  
and quinone s f r o m  whole ch lorop las t s  and chloroplas t  l ame l l ae  (quantasome s )  
w e r e  i so la ted  and de te rmined  quanti tat ively.  The va lues  obtained a r e  shown 
in Table 3 -I in t e r m s  of amount  p e r  100 m g  tota l  cholrophyll .  T h e r e  i s  only 
l i t t le  var ia t ion in  the pigment  concentra t ion in different  expe r imen t s .  The 
values  fo r  quinones,  however ,  va r i ed  m o r e ,  possjbly because  the p rocedure  
f o r  t h e i r  isolat ion w a s  not s o  s imple  a s  fo r  the pigments .  
Th.e pigment and quinone concentra t ions  fo r  ,quantasome s w e r e  the 
s a m e  a s  fo r  ch lorop las t s  o r  only sl ightly l e s s .  This  observa t ion  m a y  l ead  to 
the conclusion that  these  pigments  and the uinones a r e  located in  the  quanta- ?! 6 s o m e s ,  a s  h a s  been shown fo r  chlorophyll ,  and a r e  not a s soc i a t ed  with the 
soluble p ro te ins  containing the  enzymes  of the ca rbon- reduc t ion  cyc le .  
When the  quan tasomes  a r e  centrifuged down a t  145 ,000  g ,  a yellow zone 
r i s e s  to the su r f ace  of the tube.  When this  yellow l aye r  i s  analyzed,  p -caro tene ,  
a l l  chioroplas t  quinone s ,  and  a - tocopherol  a r e  found. Only t r a c e s  of chloro - 
phylls  and xanthophylls w e r e  detected a f t e r  centrifugation had been  c a r r i e d  out 
f o r  a t  l e a s t  30  min .  In  re la t ion  to quinones,  t he r e  w a s  l e s s  p -caro tene  p r e s e n t  
than in ch lorop las t s  o r  quan tasome s .  
20. L. Z e c h m e i s t e r ,  Chem.  Rev .  - 34, 267 (1934).  
2 1. D. 1. Ewing,  I. M. Vanderbel t ,  and 0. K a m m ,  J. Biol.  C h e m .  - 13 1 ,  345 
(1939).  
22. F. 3. Mulder a n d K .  J .  Keuning, Rec .  T r a v .  Chim.  - 8 0 1  1029 (1961).  
23. L. P. Kegel ,  M. D. Henninger ,  and F. L. C r a n e ,  Biochem.  Biophys.  
R e s .  Comm.  - 8 ,  294 (1962).  
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Table  3-1. Relat ive amounts  (by weight)  of quinones and pigments  in 
ch lo rop las t s  and  quantasome s .  The value s  f o r  quinone s  a r e  given:  
(a) a f t e r  elution f r o m  the  pape r  ch roma tog ram and  (b )  a f t e r  f u r t he r  
chromatograph ic  purif icat ion ( s e e  text ) .  X = to ta l  xanthophylls. 
Chloroplas ts  Quantasome s 
Chlorophyll  a  t b 
- - 
Chlorophyll  a  
Chlorophyll  - b 
p-Caro tene  ( c )  
Lu te in  
Violaxanthin 
Neoxanthin J 
Plas toquinone A 
Plas toquinone B 5.3  3.47 3.7 2 .8  - - 4.4  2.4 
Vi tamin K1 0.88 0 .84 - - 0 .8  0.96 0.8 0.74 
a -Tocophe ro l  1 -91  1.48 2.0 1 3  1.65 - -  1.3 
a - Tocopherylquinone 0.98 1.16 0,87 1 .0  - - 0.7 0.8 
a t b  
X t  C 
E l e c t r o n  m i c r o g r a p h s  of the  l ipid l a y e r  showed that  i t  contained l a r g e  
o s m i o  hi l ic  g ranu les  which w e r e  not assoc ia ted  with the ca rbon  dioxide f ix-  
a t ion.  " These  g ranu les  migh t  cons i s t  of l ipids such a s  d iglycerol  phosphate.  24 
Whether  the g r anu l e s  have a par t i cu la te  s t r u c t u r e  i s  not known. In e l e c t ron  
m i c r o g r a p h s  they appea r  a s  sphe r i ca l  objects  with an  ave rage  d imens ion  of 
140 m p .  The  s i z e ,  however ,  i s  not constant ,  and v a r i e s  between 110 and 
170 m p ,  a s  m a y  b e  s een  on P l a t e  XI1 f r o m  P a r k  and  Pon .  16 
T r e a t m e n t  with hexane r emoves  only p a r t  of the l ip ids ,  and  l e ads  to 
the fo rma t ion  of emuls ions  that  m u s t  be broken by  centrifugation.  The o s m i o -  
phil ic  g r anu l e s  can  be  ex t r ac t ed  only with m o r e  po la r  solvents ,  such a s  ethanol 
24. A.  A.  Benson,  .T. F. G.  I d o w i n t e r m a n s ,  a n d R .  W i s e r ,  P l an t  Physiol .  - 34,  
315 (1959).  
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and acetone.  The res idue obtained i s  white and consis tsof  dena tura tedpro te in .  
This  observat ion might  indicate that  the g ranu les  contain both l ip ids  and p r o  - 
te in .  It  would a l so  suggest  that  the l ipids a r e  bound in some way to that  p r o -  
te in .  There fore  i t  s e e m s  that  the osmiophil ic g ranu les  do not cons i s t  m e r e l y  
of l a r g e  d rops  of fat ty m a t e r i a l  in which fa t -soluble  quinones f r o m  ch lorop las t  
l ame l l ae  a r e  dis  sol\-ed.  
When chloroplas ts  a r e  sonicated during the  isolat ion of quantasome s ,  
the g ranu les  a r e  not broken but keep the i r  f o r m .  Since they contain l ip ids  and 
a r e  thus  wate r - inso lub le ,  they  r i s e  to the sur face  of the aqueous buffer so lu-  
tion in a way s i m i l a r  to fa t  d rops  in w a t e r .  When the pigmented quan tasomes  
a r e  centrifuged a t  145, 000 X g ,  th is  granule  f rac t ion  i s  revea led  on the su r f ace .  
A- yellow lipid l aye r  containing a l so  quinones ,  a- tocopherol ,  and 
p-caro tene  w a s  found on the sur face  of chloroplas t  suspensions  that  had  stood 
for  s e v e r a l  days .  I t  i s  suggested that  th is  lipid l a y e r  a l so  cons i s t s  of o s m i o -  
phil ic g ranu les .  The ch lorop las t s  se t t le  down slowly,  leaving an a l m o s t  co lo r -  
l e s s  supernatant .  I t  i s  v e r y  l ikely that  during s to r age  the chloropl.ast  s t r u c t u r e  
ge t s  d isorganized.  The ch lorop las t  m e m b r a n e  i s  pa r t i a l ly  opened,  thus r e -  
leas ing the granules . ,  This  a l s o  indicates  that  ne i ther  the g r ana  l ame l l ae  no r  
the s t r o m a  pro te in  holds the  g ranu les .  Thus,  they a r e  not bound- -or  a r e  only 
loose ly  bound--to the in te rna l  chloroplas t  s t r u c t u r e  and a r e  held  in the  ch lo ro -  
p l a s t  only a s  long a s  the ch.loroplast membrane i s  intact. .  4t i s  l ikely  tha t  the  
p ro te in  in  the yellow lipid l a y e r  i s  p a r t  of the g ranu le  and that  the g r anu l e  
i t se l f  i s  not bound o r  i s  only loosely  bound to the  chloroplas t  s t r uc tu r e .  
If the g ranu les  a r e  p a r t i c l e s ,  the i r  function in photosynthesis  i s  not 
ye t  known. The i r  quinone content  would suggest  a n  aux i l i a ry  ro l e  i n  the  e l e c -  
t r on  t r a n s p o r t  of photosynthesis  If it can be  p roved  that  the g ranu les  p o s s e s s  
1 I I 1  a s t r u c t u r e  and a r e  r e a l  p a r t i c l e s ,  the  t e r m  osmiophi l ic  g ranu le ,  which i s  
de r ived  f r o m  the i r  behavior  in e lec t ron  mic rog raphy ,  would be  too unspecif ic .  
According to the i r  cheinical  composit ion,  a name  such a s  " l iposome" would 
be  m o r e  reasonable .  
In  compar i son  with the  quantity of quan tasomes  a t  the bottom of the  
centrifuge tube,  the  l ipid l a y e r  w a s  s m a l l ,  Since quantasome s contain e s  s en -  
t ia l ly  the s a m e  quinone concentra t ion a s  ch lorop las t s ,  i t  s e e m s  c l e a r  tha t  
m o s t  of the quinones a r e  loca ted  in the chlorophyll  l amel lae  and few a r e  a s s o -  
c ia ted with the osmiophi l ic  g r anu l e s  oi  the l ipid l a y e r .  
When th i s  invest igat ion w a s  s t a r t e d ,  the  question of whe ther  o r  not 
v i tamin K1 was  p r e s e n t  in ch lorop las t s  was  s t i l l  open.  With the paper  c h r o -  
matographic  technique de sc r ibed ,  K1 could be  detected in both ch lorop las t s  
and quan tasomes .  I t  w a s  identif ied b v  i t s  uv s p e c t r u m ,  by  the  Rf va lues  in 
different  solvent s y s t e m s ,  b y  cochromatography,  and a l so  by the color  r e a c -  
t ions with sodium ethylate and xanthanhydride.  The p r e sence  of K l i n  ch lo ro -  
p l a s t s  w a s  conf i rmed  in  a n  independent work  by Kegel and ~ r a n e . 2 ~  However ,  
the amount  found by that  g roup  w a s  one molecu le  of K1 for  100 molecu les  of 
total  chlorophyll ,  a  value obta ined a l s o  by I3am5 in  a biological  t e s t .  The  
content of K1 m e a s u r e d  in th i s  Labo ra to ry  i s  1 .5  to 2 .0  for  100 molecu les  
chlorophyll .  Th is  i s  in good ag reemen t  with e a r l i e r  findings using ano ther  
method ,9  
25, L. P. Kegel and F. L. C r a n e  Nature  194, 1282 (1962) 
-
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The var ia t ion in the K1 content may  be a sc r ibed  to the different  spinach 
s ample s  investigated.  In an  e a r l i e r  publication it  was  shown that  the K1 con- 
tent  of h igher  plants depends on the age of the plant  t i s sue  and a l so  on the l ight  
intensity in which the plants  w e r e  grown. The K1 content r eaches  a max imum 
only a t  the end of the vegetation per iod,  and i s  substantial ly higher in  sun-  
i l luminated leaves  than i n  l eaves  grown in shade.  A var ia t ion in the  K1 content 
in different  s amp le s  w a s  t he r e fo re  to be expected.  
Since in spinach l eaves  the same amounts  of K i  w e r e  found a s  i n c h l o r o -  
p l a s t s ,  one can a s s u m e  th.at the total  K .  i s  located in chloroplas ts .  Th is  f ind- 5 1 -. ing conf i rms  e a r l i e r  r e s u l t s  of Dam; whlch w e r e  obtained by tes t ing the 
vi tamin K1 activity of chlorop!asts and cytoplasm in  a biological a s s a y .  
Plastoquinone A and E w e r e  detected in both chloroplas ts  and quanta-  
s o m e s .  The amounts  fo r  FQA, however ,  we re  l e s s  than those r epo r t ed  by 
Kegel ,  Henninger ,  and ~ r a n e . 2 3  On a mo la r  b a s i s  they found fo r  PQA 16 mo le s  
p e r  100 mo le s  of chlorophyll ,  whe rea s  in c u r  own exper iments  only 8 m o l e s  
PQA p e r  100 mo le s  of chlorophyll could be  detected.  This difference i s  v e r y  
l ikely due to the di f ferent  extract ion and isolat ion methods.  In the c a s e  r e  - 
por ted  h e r e  the quinones w e r e  separa ted  on paper  a f te r  p re l iminary  column 
chromatography.  The quinone solutions obtained by elution of the quinone 
bands  f r o m  the paper  apparent ly  w e r e  p u r e r  than the f ract ions  that  ~ e ~ e 1 ~ ~  
e t  a l . ,  eluted f r o m  co lumns .  
The s p e c t r a  of the  Sands eluted f r o m  paper  sho-wed the absorpt ion 
max ima  a t  255 m p ,  but  s t i l l  contained smal l  impuri . t ies.  After  f u r the r  pu r i -  
f ication on p a p e r ,  highly p u r e  quinone solutions w e r e  obtained. Reduction 
with po tass ium borohydride  dec rea sed  the absorpt ion a t  255 m p  to give a new 
peak a t  about 286 mp .  The quantitative values w e r e  calculated f r o m  oxidation- 
reduct ion changes a t  255 m p :  ( a )  a f te r  the f i r s t  separa t ion  on paper  and (b)  
a f t e r  f u r t he r  pur i f icat ion by paper  chromatography.  T h a t s m a l l e r  quant i t ies  
of plastoquinones w e r e  found in  ( b )  (Table 3-1) m a y  be  due e i ther  to o ther  
compounds a l so  contributing to the measu remen t  in ( a )  o r  to a l o s s  of P Q  
occur r ing  during the pur i f icat ion that  gave (b ) .  Since oxidation-reduction 
changes a r e  good c r i t e r i a  f o r  the quantitative determinat ion of the I?Qss even 
in somewhat impure  solut ions ,  it  i s  l ikely that  th.e lower  valljes in ( b )  m u s t  
be a s c r i b e d  to l o s s e s  during purif ication.  This  i s  a l so  supported by  the ob-  
se rva t ion  that  o ther  m o r e  s table  quinones (K1 and TQ) gave a f te r  pur i f icat ion 
a l m o s t  unchanged va lues ,  
F o r  plastoquinone B, which has  a rncbillty lower  t h ~ n  PQ-A on the 
paper  ch roma tog ram,  about 4 m o l e s  p e r  100 m o l e s  chlorophyll was  found. 
We could not detect  a s  high amounts  (8 m o i e s )  a s  w e r e  r e p ~ r t e d  by Kegel e t  
a l . 23  The amounts  of both PQA and PQB In spinach chloroplas ts  w e r e  only 
half of the ones  given by those  au thors .  We suspec t  the re fore  that  they m e a s -  
u r e d  highly impure  plastoquinone f ract ions  The impur i t i es  then indicated 
gave f a r  too high quinone concentrat ions in the quanti tat ive de te rmina t ion  by 
uv spec t roscopy .  The var iahi l i ty  of the published values  i s  demons t ra ted  by 
comparing the KegelE s va luesz3 ,  25 with thcse  in a recen t  publication.26 T h e r e  
a r e  considerable  d i f fe rences  in the values given in a and b of Table  3-11. 
26. M. D. Henninger ,  F,. A. Dilley, and F. Lo Crane ,  Biochem. Biophys. R e s  
Comm.  - 3 ,  237 (1963).  
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Table 3 -11. Cornpari son ~f the quinone values  given by Crane  and 
co -worke r s  in two dif ferent  publications,  a (Ref. 2 3 )  and b (Ref .  26) 
with those of our  own investigations,  c .  The quinone concentrat ion 
i s  given in mo le s  p e r  100  mo le s  of chlorophyll .  The values in b 
or iginal ly  r epo r t ed  in m g  pe r  mg of chlorophyll  w e r e  calcula ted by 
u s  for  a m o l a r  b a s i s .  
PQB 8 1 5  4 
26 The newest  quinone concentra t ion given b y  Henninger e t  a l .  i s  in 
good ag reemen t  with our  own. data.  The au tho r s  suggest ,  however ,  that  t he i r  
new values  (b )  a r e  somewhat  low. 
By a l l  methods  of investigation employed until now j.2 th is  Labo ra to ry  
no plastoquinone @ could be detected in  e i t he r  chloroplas ts  o r  i e aves  of spinach 
I t s  concentra.tion h a s  been  r epo r t ed  to be. 1 moie  fo r  1.0 mo le s  of chlorophyll .  23 
The extinction w a s  given a s  E ] ? ~  = 62. Assuming  that  rhe m o l a r  extinction 
coefficient i s  the s a m e  for  all plastoquinones (about 19, O O O ) ,  a n  approx imate  
molecu la r  weight can be  calcula ted fo r  PQC: whi.ch wculd be  2, '780 a s  aga ins t  
780 fo r  PQA. Since PQC w a s  sa id  to b e  a homologue of PQA, the di f ference 
in the molecul.ar  weight can only be  a s c r i b e d  to m o r e  isoprene uni ts  in  the  s ide  
chain a t  posit ion 3. Th is  would indicate a polyisoprenoid c h a h  of g r ea t l eng th .  
Th is  i s  v e r y  unlikely, s ince  no substance with m o r e  than 10 i soprene  uni ts  in  
one chain h a s  been  isola ted f r o m  na tura l  m a t e r i a l .  Moreover ,  the chromato-  
g raph ic  behavior  on columns and  the Rf value on paper  given fo r  th i s  substance 
would suggest  a considerably  less l ip id-  soluble compound wi.th f a r  f ewer  i s o -  
p rene  units  than PQA. It is  t he r e fo re  a s s u m e d  that  the qumone i so la ted  by 
Kegel e t , ~ . ~ ~  w a s  highly i m p a r e  and mighr not have had the s t r u c t u r e  of a 
plastoquinone. This  a s sumpt ion  is f u r the r  supported by the detect ion of a -  
tocopherylquinone in  iihlorspl.a s t s  ,27 2 quinone with p rope r t i e  s s i m i l a r  to tho s e 
of the r epo r t ed  " P Q c ~  " The  absorpt ion m a x i m a  in e thanci  a r e  a t  261 and 269 
m p .  Reduction d e c r e a s e s  the  l ight  a.bsorpti.on in  the max ima  and g ives  a s m a l l  
new peak a t  286 mp (F ig .  3-21. I t  a l s o  i s  a brown oi l  and h a s  the  s a m e  Rf 
value a s  the p r e s u m e d  "PQc. ' !  I t  i s  t he r e fo re  suggested. that  " P C ~ C "  i so la ted  
by Kegel, Henninger:  and  c r a n e Z 3  w a s  a highlycontaminated TQ. 
2 2 .  H. K. L ich ten tha le r ,  in Bio-Organic  Chemi.stry Qua r t e r l y  R-eport,  
U C R L -  10473, SJept= 1962. pp. 37 and 44. 
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Fig .  3 - 2 .  Absorpt ion spec t rum of a -tocopherylquinone, i sola ted 
f r o m  spinach ch lorop las t s  ( in  absolute ethanol) .  A,  oxidized 
fo rm;  B ,  reduced  with potass ium borohydride.  The isobest ic  
points for  oxidized and reduced f o r m  a r e  a t  23 1, 281, and 
306 mp.. 
a -Toccphery lqu~none  (TQ! was  isola ted iron-1 c h i ~ r o p l . a s t s  and  quanta-  
s o m e s  in a concentrat;on of 2 m o i e s  for  1.00 rnoies chiorophyl:. i t s  mobil i ty 
on  the  a lumina column and  c n  ScE-,Z.elcher and Schuell  paFer  No. 288 i s  a l i t t le  
-? l owe r  than that of p k e o p h v t i n  I h ~ s !  p'nzeophvtin indicates  the posit ion of 
TQ on c h r o m a t o g r a m s .  TQ w a s  detzcted no: o n l ~  In acetone e x t r a c t s  f r o m  
ch lorop las t s :  but  aI so when unextracted quan tasomes  w e r e  appl ied  to  the pape r .  
Th i s  indica.tes that  TQ is not f o rmed  during ~ x t r a c t i a n  o r  isolation p rocedu re s  
f r o m  a - tocopherol  bv cxidat ion.  Recently I lenninger ,  Dili,ey, and  C r a n e  26 
con f i rmed  the p r e s e n c e  of TQ in chlorop!asts. Xowever ,  they found only 1 
m o l e  of TQ for  100 mc,!es ~f ch1or0;3.hyl'F 
a-Tocopherc! w z s  fcund in a concentrat!on of 3 to 4 m o l e s  p e r  100 m o l e s  
of chloroph.yll, Identif icat ion was c a r r i e d  out by the E m m e r i e - E n g e l  t e s t28  
coch.rornatograpb.y 3.nd ~ w ~ - d i m e n ~ i ~ . r , a ? .  chrornatogra~l---y on z inc  ca rbona te  
p a p e r ,  using the method d.escrrbed by GreeE,  h d a r c l n k i e w : ~ ~ ,  and w a t t S Z 9  
Upon oxidation of a - t occphe ro l  w i th  c y n i c  su?iare o r  go  ldS3 chl.oride, a -TQ 
w a s  obtained 
The p r e s e n c e  of a - t c c a ~ h e r y ? q u l n o n e  and a - tocopherol ,  which i s  the 
ch romano l  f o r m  of o . - T Q r  cc~,:fitrrlbutes m.c?re zvidence Can some  of the  t heo r i e s  
of the  functionai  f o r m  or' qwncnes  in phctosynthes is .  Qulnones have  been  d i s -  
c u s s e d  a s  the in i t ia l  a c c e p t o r s  of phosphate in photosynthetic phosphorylat ion.  
A p r o p ~ s e d  rsac. t ion mcch-anism wou1.d r e q m r e  the chromano: f o r m ,  which 
could t r a n s f e r  phosphate t-c A I ~ P . - ? ~  
30 :  X i -  M. Clark. and A. T ~ d d ,  in Ciba Syrnpcsiu.m ori Ql~ . i~onf r  s in E l e c t r o n  
--.---- IIj-I-CI- 
T r a n s p o r t  (J .  and A.  Ch.ilrchi.L, Lander?: l ' 3 b  i  ;) p, 190" 
31. H. Y .  Yamarnoto, C :  0. C k i z h e s t e r ,  ,and 7,'. 0. Na.l;:ay;ama, Pho tochem.  
Phctobfoi. 1 ,  53 ' !962r. 
- 
32 .  H. Y. Warnamotc:. T 0. h4 ??zka~:ama and P,. Q CEiches te r ,  A r c h .  
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Table 3-111. Carotenoid components a s  percen tages  of total  carotenoid 
content f r o m  spinach chloroplas ts .  
a .  Average  values  f r o m  Table  3-1. 
b .  Data taken f r o m  Ref. 29.  
Lutein  (including 45.5 42 
a l so  zeaxanthin) 
Violaxanthin 13.7 17.5 
Neoxanthin 
Total  
With the s imul taneous determinat ion of chlorophylls  (a  t b ) ,  xantho - 
phylls  ( x ) ,  and be ta -caro tene  ( c )  a ccom l i shed ,  i t  was  ow pGssible to ca lcu-  P a 4% l a t e  f o r  spinach the weight r a t i o s  for a b ,  x /c ,  and  F- These  data  a r e  
giv n in Table 3-1. The ave rage  values  w e r e  a/b = 2.3%, x/c = 2.56,  and tl5 
-= 7.75.  The re  w e r e  no significant d i f ferences  in  these  number s  between 
x t c  
ch lorop las t s  and quantasome s , although the ra t io  of g r een  to yellow pigments 
in the  ca se  of quan tasomes  i s  somewhat h igher ,  thus indicating l e s s  ca ro te  - 
noids .  The data avai lable ,  however ,  a r e  s t i l l  too few to allow a f inal  conclu- 
s ion .  
On a m o l a r  b a s i s  the  ra t io  of g r e e n  to yellow pigments was  found to 
ave rage  4.55.  Seybold and Eg le  r epo r t ed  fo r  h igher  plants the ra t io  2.4 to 
3 .7 ,2  and Willstiitter and Stoll  2 . 8  to 6.0.1 These  au thors  demons t ra ted  that  
h igher  values  ( l e s s  ca ro teno ids )  w e r e  obtained in  shadow leaves  which w e r e  
not fully exposed to the  sunlight .  The ra t io  of 4.55 for  spinach i s  re la t ively  
high and might  indicate that  not a l l  spinach leaves  w e r e  exposed to the  l ight ,  
probably because  of growing too thickly. The value fo r  x/c w a s  2 .56 ,  and i s  
in  be t t e r  ag reemen t  with the  data  given by Wil ls ta t ter  and Stoll (1 .5  to  2)  than 
with those of Seybold and Eg le  ( 4 " 5  to 5 .1 ) .  
The m o l a r  d is t r ibut ion of quinones and pigments  i s  r ep re sen t ed  in 
Table  3-IV. In each  c a s e ,  the  number  of mo le s  p e r  100 mo le s  chlorophyll i s  
given. About 22 m o l e s  of carotenoids  and about 20 m o l e s  of quinones w e r e  
found. That  the quinone compounds contr ibute  a s  much  to the l ipid components 
of ch lorop las t s  on a mo lecu l a r  and on a weight b a s i s  a s  total  carotenoids  i s  
cons idered  v e r y  significant .  The dis t r ibut ions  of quinones and pigments  in 
chloroplas t  l ame l l ae ,  however ,  a r e  not constant ,  and the values given h e r e  
m a y  va ry  depending on the physiological  condit ions.  Pa r t i cu l a r l y  the age of 
the t i s sue  and the l ight  in tensi ty ,  in which the plants  a r e  grown, influence the 
pigment and quinone concentra t ion considerably .  
F o r  some  t ime  the  function of carotenoids  in  photosynthesis  a s  possible 
exciton donors  o r  oxygen c a r r i e r s  h a s  been studied without sa t i s fac tory  r e su l t s  
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Table  3-IV. Rela t ive  m o l a r  concentra t ion of quinones and pigments  
in  ch lo rop las t s  and quantasome s .  
Chlorop las t s  Quantasomes  Average  Mole s 
Chlorophyll  a + b 
- - 
100 100 100 100 100 
Chlorophyll  - a 70 72 7 0 7 0 70 
Chlorophyll  - b 
Lute in  
Violaxanthin 
Neoxanthin 
Plastoquinone A 8 6.8 7.8 6.1 7 . 2 )  
Plastoquinone B 5 3.5 - - 4 .2  4 .2  1 
Vitamin K1 1 .8  1 . 5  2.0 1 .8  1 .8  ) app rox  20 
a - Tocophe rylquinone 2 .4  1 .8  - - 1 .6  1 . 9 )  
I t  i s  obvious that  quinones ,  which m a y  r e a c t  in the  oxidized,  r educed ,  o r  
chromanol  f o r m ,  a r e  b e t t e r  ca ta lys t s  f o r  the photochemical  r e ac t i on  than 
ca ro teno ids .  
I t  h a s  been  shown in s e v e r a l  invest i  a t ions  that  a l l  quinone compounds 
r epo r t ed  h e r e  s t imula te  the Hi l l  reactionDzE5 33 I t  h a s  a l so  been  postula ted 
that  hydroquinone o r  chromanol  phosphates  m a y  be  the p r e c u r s o r s  f o r  A T P  
format ion  during photophosphorylat ion However ,  much  m o r e  r e s e a r c h  h a s  
to be  done to unders tand  complete ly  the quinone function. 
Since i t  w a s  shown tha t  quantum convers ion and e l ec t ron  t r a n s p o r t  a r e  
c a r r i e d  out by agg rega t e s  of 5 to  6 l a m e l l a r  subunits  (quan tasomes) ,  which 
contain the to ta l  chiorophyl l ,  it w a s  n e c e s s a r y  t o  de te rmine  the  o the r  quanta-  
some  pigments  and  quinones that  might s tabi l ize  the s y s t e m  o r  a c t  a s  c a t a ly s t s .  
I t  i s  hoped tha t  the data  on the  dis t r ibut ion of ca ro teno ids  and quinones in chlo-  
rop las t  l ame l l ae  p r e sen t ed  in  th is  paper  wi l l  contr ibute  to a b e t t e r  unders tand-  
ing of photosynthes is .  
33. 43. W .  Krogmann and  E. Olivero ,  J. Biol.  Chem.  - 237, 3292 (1962). 
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4. THE LIPID COMPOSITION O F  CHLOROPLAST LAMELLAE 
FROM SPLNACEA OLERACEA 
Har tmu t  K. Lichtenthaler  and Roder ic  B .  P a r k  
Much r e s e a r c h  in photosynthesis  today i s  concentra ted on the p r i m a r y  
quantum convers ion p r o c e s s  and subsequent e lec t ron  t r anspo r t  leading to the  
format ion of A T P  and reduced TPN.  P a r k  and P o n  showed that  quantum con-  
vers ion  and the e lec t ron  t r anspo r t  reac t ions  a r e  c a r r i e d  out by the l a m e l l a r  
s t r u c t u r e s  of spinach chloroplas ts .  1 
F u r t h e r m o r e ,  the in tact  l amel lae  a r e  not n e c e s s a r y  to p e r f o r m  these  
p r o c e s s e s .  Aggregates  of f ive o r  s i x  l ame l l a r  subunits  (quan tasomes)  a r e  
fully act ive  in quantum convers ion and electroon t r anspo r t .  Quantasome s a r e  
morphologically defined par t i c les  (100 to 200 A). They contain the photosyn- 
thetic pigments (chlorophylls  and ca ro teno ids )  and a l s o  s eve ra l  quinone s and 
a - tocopherol .  Since quantasome s m a y  r e p r e  s en t  the sma l l e s t  functional 
photosynthetic unit ab le  to c a r r y  out quantum convers ion and e lec t ron  t r a n s -  
po r t ,  it  i s  des i rab le  to obtain a m o r e  complete  chemica l  and physical  p ic tu re  
of these  pa r t i c l e s .  
Lipids and pro te ins  i n  about equal  p a r t s  make  up the quantasome 
s t ruc tu r e .  P igments  consti tute approx  2570 of the  l ipid ma te r i a l .  Var ious  
o ther  l ipids a r e  r epo r t ed  to b e  assoc ia ted  with the  photosynthetic t i s sue ,  and 
they account for  some  of the remaining chloroplas t  l ip ids .  These  r e p o r t s ,  
however ,  a r e  widespread  in  the l i t e r a t u r e  and often p r e sen t ed  without recog - 
nizing the re la t ions  to the var ious  o ther  l ip ids .  
In th is  paper  we s u m m a r i z e  the informat ion on l ipids in spinach ch loro-  
p l a s t s  and calcula te  the  dis t r ibut ion of l ipid subs tances  in chloroplas t  l ame l l ae ,  
on the b a s i s  of a m in imum molecu la r  weight of 960,  000 p e r  a tom of manganese  
Chloroplas ts  contain both the l ight  and d a r k  reac t ions  of photosynthesis ,  
and consis t  of p igments ,  l ip ids ,  soluble and insoluble p ro te in ,  and w a t e r .  A 
number  of pape r s  have r epo r t ed  the total  amount  of l ip ids ,  prote in ,  and pig- 
men t s  in l eaves  and ch lorop las t s  of var ious  higher  plants.  Some of the  data  
given for  ch lorop las t s  of Spinacea o l e r acea  a r e  a s  follows. 
Menke found that  30.9% of the d r y  weight of chloroplas ts  we re  l ip ids ,  
the  r e s t  being pro te in  and o ther  subs tances .3  He mentioned that  m o s t  of the 
leaf l ipids a r e  located in the chloroplas t .  Menke specified that  the e t h e r -  
soluble l ip ids  a r e  a mix tu re  of fatty ac ids  - -g lycer ides ,  phosphatides,  and 
1.  R.  B. P a r k  and N. G. Pon ,  J .  Mol. Biol. - 3 ,  1 (1962). 
2. H. K. L ich ten tha le r ,  th is  r epo r t ,  paper  3. 
3 .  W .  Menke, Z .  Botan. - 32, 273 (1938); Z .  Phys io l .  Chern. - 257, 43 (1938). 
pigments. In  acetone e x r r a c ? ~  80% cci the t c ta l  ch lo rop las t  l lpids w e r e  p r e s e n t  
and cons i s ted  of p i g r n e ~ t  s  t r  ?glycerldn s and s t e r o l s O 4  The acetone-insoluble 
f rac t ion contained phc sphat ide  s and waxe s .  ln the prgment-f ree  ace tone  f r a c  - 
tion the l lpld distribution w l s  g lycero l ,  5.170; fztt,y a c id s ,  42.2%:. t r i g lyce r i de s ,  
4970, and s t e r o l s  2 .1%.  
5 The fat ty acids w e r e  given by Spee r ,  Wise  and H a r t ,  with l inole ic  
a c id ,  34.170~ and Ilnolen:c acid, 1 2  770, a s  the m a l n  components f o r  spinach 
l eaves ;  53% of the fa t ty  a c id s  o c c u r r e d  in the f r e e  f o r m  and 47 % a s  g lyce r i de s .  
Wolf, Ccniglio,  2nd 3 a v i s 6  give the composi t ion of to ta l  fat ty a c i d s ,  f r e e  and  
,bound ones ,  a s  i ~ n o l e n l c  acid 68 979. a n  unldcntifled ac id  with C1 and  3 double 
bonds ,  10.8%; pa lmi t i c  z c id  11.2%: l inoleic ac ld  4 6$, and t r a c e s  of o t h e r s .  
Wise r  and  Benscn  r e p c r t e d  the p r e sence  of a sulfollpid in ch lo rop las t s .  7 
Win te rmans  p rcv ided  va.2ces f o r  pE,osphu7ipkds, a to ta l  of 53 m o l e s  of phospho- 
lipids p e r  105 m o l e s  of chloropkvl! %ill 2nd Ha rmon  r epo r t ed  tha t  p igments ,  
phospholipids,  glyco4kpids, digl-gceride, and d ~ g a i a c t s s y l  gilyrolipid m a k e  up 
86% of the  total  ch lo rop las t  ' ~ i ~ l d ~ . ~  The r e s t  cons i s ted  of waxes  and  hyd ro -  
ca rbons  ( 2 % ) ,  lecathlr,, and o the r  rn incr  constitctents. 
The c o n c e n t r a t ~ o n s  cf QuLnones w e r e  de te rmined  by  Kegel ,  Henninger ,  
and  C r a n e ,  l  O and  Zenn lnge r ,  Di l lsy .  and Crane  l The  distribution of qu i -  
nones and ca rc teno?  d s  In  -eiat,icn tc the chlorophvlls  f o r  ch lo rop las t  l ame l l ae  
w a s  estimated In this I J abo ra to rv  2 
F r o m  all the da ta  n .ox  aw.il.abk it w a s  possibke to  ca lcula te  the re la t ive  
concentra t ions  cf lipid cc,rnponents in ch!crrs~~last larnelEae. Since manganese  
i s  p r e s e n t  in ch iomp ia s t  Lameilae: and  i s  requi red  f o r  cixvgen evolu.tisn i n  
photosynthes is ,  Park and  F20n ca icdr ; t ed  a rrlinimurn mo lecu i a r  weight  of 
5 9*6XlO  f o r  a photosynths t ic  i;l;it, b a s e d o n  I  manganese  The c a l -  
culation of the quan tasome m a s s .  a 200 X 1.00 -A subunit  of 
chloroplas t  l ame l l ae ,  f r o m  d.ensity and volume m e a s u r e m e n t s ,  y ie lded a 
molecu la r  weight bctwe,z--n 2 and 2 t imes the minim.um :mc~lecdar  weight  given 
above.  
4.  W .  Menke and E. J acob ,  Z .  Phys io l .  Chem.  272, 22? (1942). 
-- - 
5. J .  H. Speer ,  E ,  C. Wise ,  and  M.. C. Har t ,  J .  BioZ~ Cbern. 82,  105 (1929).  
- 
6. F. T. W ~ l f :  J. G.  G o r i i g ? ~ ~ ,  and 2 .  T. Davis ,  P l an t  Phys io l ,  37,  83  (1962). 
-
7 .  A. 4. Benson,  ;. P. G. M. WirLtermans:  and  E. W i s e r ,  P l an t  Phys io l .  34,  
-
315 (1959).  
8 .  S~ F. G.  M. Win t e rmans ,  Blochim.  Eiophys Acta 44,  49 (1960).  
-- 
9. L F. Zi l l  and  E. A. Tlarmcn, Biochim. Biophys A c h  57, 573 j i962) .  
- 
10. L. P. Kegel ,  M e  El Henr,ii?gp,r. and F.. li C ~ a n e ,  Biochem.  Biophys.  R e s .  
Gcmm. 8, 234 :1962j, 
- 
11. M. D. Henninger .  R. A Dilley. alld I?. L. G r a . r ~ e ,  Riochem.  Biophys.  R e s .  
Comm.  10, 237  (19h3), 
-
12, R.  B. P a r k  and  N. G Fon ,  2 Mol E l o l . .  in p r e s s .  
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P a r k  and Pon  repor ted  that  l ipids make  up 5270 of the chloroplas t  
l amel lae ,  while the remaining 48% i s  prote in .  Thus,  l ip id  and prote in  con- 
t r ibute  to the  min imum molecu la r  weight 495, 000 and 465,  000, respect ively  
In  the display on the following page a r e  p r e sen t ed  the  lipid and  protein 
port ions of the l amel lae .  The l ipid port ion i s  b roken  down to show the  re la t ive  
amounts  of var ious  l ip ids .  I t  i s  an  in teres t ing fac t  that  the qu inone l l - tocoph-  
e r o l  port ion contr ibutes  m o r e  to  the lipid weight than the  totah carotenoids .  
The known components make  up roughly 8070 of the  to ta l  l ip ids .  
The unidentified port ion (about 20%) probably cons i s t s  mos t ly  of minor  
consti tuents that  have been  r epo r t ed  to occur  in ch lorop las t s .  E i t he r  they had 
not been de te rmined  quanti tat ively,  o r  e l s e  the values  avai lable  a r e  inaccura te .  
Among the se  subs tances  a r e  f r e e  fat ty ac ids ,  f r e e  phytol, protochlorophyll ,  
paeophytin, xanthophylle s t e r  s ,  antheroxanthin,  phytoene,  phytofluene, tocoph- 
e r o l s ,  and  tocopheryl  quinones o ther  than a - T  and a - T Q ,  a s  well a s  o ther  not 
yet  identified l ipids.  
The l ipid composit ion shown h e r e  i s  undoubtedly subject  to cons idera -  
ble var ia t ion  f r o m  spec ies  to spec ies ,  a s  wel l  a s  within a single plant  spec ies  
under differing physiological condit ions.  However ,  such a catalog i s  useful, 
fo r  i t  p rov ides  in one place  enough information on which to cons t ruc t  an  a c -  
cura te  model  for  the quantum-convers ion appara tus  in photosynthesis .  
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Represen ta t ive  dis t r ibut ion of subs tances  in chloroplas t  
l ame l l ae  on b a s i s  of m i n i m u m  molecu la r  weight p e r  a t om 
of manganese  of 960,  000. 
Lipid  
1 15 chlorophyl ls  1 
80 ch l ,  a  7 1 ,  500 
35 chl .  b 3 1 , 7 0 0  - 
24 ca ro teno ids  2 
7 p -ca ro tene  3 ,800  
11 lu te in  6 ,300  
3 violaxanthin 1,  800 
3 neoxanthin 1,  8 00 
23 quinone comp.  2 15 ,900  
8 plastoquinone A 6 , 0 0 0  
4 plastoquinone B 4, 500 
2 plastoquinone C1 1 ,  500 
4 .5  a - tocophero l  1 , 9 0 0  
2 a - tocopherylquinone 1 ,  000 
2 v i t amin  K 1 1 ,  000 
57 phospholipids 8 
(phosphat idylglycerols  j 
7 5  digalactosylglycer ide  8 69,  500 
172 rnongalactosyldiglyceride 8 132, 300 
s t e r o l s  4 c a  8 , 3 0 0  
unidentified l ip ids  90,  000 
P r o t e i n  
4 , 6 9 0  N a toms  a s  prote in  
465, 000 
Lipid  + P r o t e i n  960,  000 
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5, METAL CHELATES AND PHO'TBCEEMISTRY O F  FLAVINS 
6 .  K. Raddz 
I,  Summary 
In contrast  to resu l t s  of previous investigations i t  1s shown by spec-  
troscopic,  ESR, and preparat ive methods that riboflavin o r  i t s  semiquinone 
radical  does not form stable manganese complexes. An explanation of thls 
s t ructural ly  unexpected phenornerisri i s  a d ~ a n c e d  i n  t e r m s  of preferent ial  
enolization of the 2-carbonyl ra ther  than that of the 4-carbonyl group of the 
lsoalloxazine rmg.  The possible factors responsibie for the formation of 
the unusually stable s i lver  complex of ribofkavir, a r e  zlso discussed. 
The photoreduction of riboflavin, FMN,  6, 7-dimethyl-9-hydroxyethyl- 
isoalloxazine, and lumiflzvin, In the absence of added eiectron donors,  i s  
studied. It i s  shown that hlmif1avi-r-, unlike the other th ree  compounds, does 
not undergo photobleachmg, It i s  coneluded that the hydrogens for the reduc - 
tion a r e  derlved f rom the side chain in an intramolecular  rear raxgement .  
Evidence for this i s  given by a detailed klnerlc analysis  of the reduction with 
and without external reducing agents,  
S t  +t $4- t The effects of me ta l  ions (Ag', CU Ni . Mn , N i  j and of  the pH 
on the r a t e  of reduction o i  FMN a r e  measured,  and a w o r k ~ c g  hypothesis for  
the mechanism of the react ion i s  presented, 
11, Metal Complexes 
A. Introduction 
The s l m ~ l a r i t y  in  s t ruc ture  of 8-hydroxyqutvollnz x i d  of the en01 fo rm 
of riboflavir. led Albert  to  inves t~ga te  the carnplexing propextles of riboflavin 
with t r a n s ~ t i o n  meta ls .  l The stabilltv c o n s t a ~ t s  derlked i n  the ea r ly  t i tration 
measurements  were  recently challei~ged by Harkins and ~ r e i s e r . ~  These 
authors ,  however, s t i l l  obtained measurable  stabrlity constants for complexes ++ 
of cer ta in  metals ,  e ,  g. , Cc He-mrnerlck arid FalLab, on the other hand, 
4 found no evidence for the formaxien of thfi c u p r : ~  cornpiex,3 Faye and Lan e 
r e  a r e d  a number of s o h d  "cht l s tes"  b e ~ w e e n  n--erais such as Cu " Fe'f 
LnPt, e t co  and r lbofkvir .  which contamed two metal ions par flavln). The 
visible spec t r a  of these  chelates  were  fcund t p  d ~ f f e r  ' ' s l ighSy  but s~gnif icant ly 
f r o m  riboflavin and me ta l  taken separztely," ' 
1. A. Albert ,  Biochem. J. 54, 646 (1953)-  
2. T,  R,  Harkins and H, ~ r e z e r ,  J. Phys, Chern. 63, 309 ( 1 9 5 9 ) ,  
3. P. Hemmerich and So Fallab, Heiv. Chim, Acta 4 T  498 (1958)" 
4, Wo 0- Foye and W. E. Lange, 3. Am. Chem, SOT 76, 2 1 9 9  (2954). 
5. H. R. Mahler, A, S. Fairhurst,  and ti. Mack:er, J -A~,  Chem, SOC. 77, 
-
1514 (1955). 
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The potentla2 ~ m p a r t a n c e  of such complexes in biologlsal sys tems 6 
prompted thls anves",:gation, Manganese was chosen for the main  par t  of the 
study because of i t s  presenLe i n  t he  chloroplast7 and i t s  ability to undergo 
r iboflavin-sens~t ized p h o t o o ~ i d z ~ t l o ~ ,  and because the visible spec t r a  of the 
manganese complex was repor? ed to exhibit the la rges t  difference f r o m  that 
of the f r e e  flavin, 5 
B. Results  
The possibility of complex formation between manganese and ribo - 
flavin was i~:v~,s+Liga:ed by th ree  methods, 
1, Spectrophotometry The visi'ble andul traviolet  spec t r a  of 1:1 molar  
mixtures  of  riboflavin and MnC3.. jconc. o ~ x ~ o - ~  Mi; were  r eco rded  a t  a 
L 
s e r i e s  of pH values &from pH = 4 to 9)  and compared wnth those obtained with 
riboflavic alone both by dliference spectrcscopy and by direct  measurements .  
No significant differences were  observed at pH values below 8, but a ve ry  
smal l  change was discernible  at pH 9. This, however, could be attributed to 
light sca t te r ing  a s  a resu l t  of the appearance of colloidal manganeous hydrox- 
ide i n  the solution. When two -, five -, and tenfold excesses  s f  the manganous 
sa l t  were  used, n3 evidence for c omplex formation was found. 
The sensitivity cf the spectroscope method for detecting sma l l  dif- 
ferences could in  theory be increased  by recording difference spec t r a  a t  higher 
concentrations of both compor,ents, Fcr reasons  of solubility, FMN (flavin 
mononucleotlde) was used tinstead of rrboflavs.si in the following study. 
The pos slbil i ty of dlrnttrizatron of the highly unsaturated flavin cannot 
be ruled out a t  high concentrations. In o rde r  to  deflne this  l imitation of the 
spectroscopic method for investigating complexing, the absorption spec t rum 
of FMN a s  a funcklon of eoncentratron was studied by using ce l l s  of thickness 
f rom 1 em to 0,005 cm, The resu l t s  arc- recorded  in Fig, 5-1, No fur ther  
changes could be observed on tenfold dilutlon of the solution at 0 . 5 ~ 1 0 - ~  M 
concentration, Since spec t ros  opieally observable dumerization occurs  s t  
- 2  
concentrations hlgher than BO M, changes irr t h e  absorption spec t rum on 
addition of metals eo~-~Bd r e s u l t  froin c h a n g e s  In the aggregation s ta te  of the 
dye molecules ,  That such changes do in fact, occur i s  shown In Fig. 5-2. 
These cu rves  w e r e  obta-med by r e c o r d i n g  the spec t r a l  differences between a 
solution of FMhT ( l o m 2  M In Y -cm cell) and t h a t  of FMN with added metal  
sal ts .  Both  if' and u ~ ' ~  Ions c a m e  an inc rease  In dimerization, as ob- 
servable  f r o m  the loc reased  absorption at the hrgh end of the FMN spect rum 
(510  to 520 mp1. Since kIgSf i s  known not :.o fo rm cornpiexes with riboflavin, 
the spec t r a l  charqges muse be attributed to  changes i n  the dfelectr ie  constant 
of the medlurn, A s imr lar  change i s  produced by ~a' ions agam added a s  the 
chloride),  but to  a l e s s e r  exte~:t  even though they were  added at such concen- 
t ra t ions a s  to  r e su l t  lz r r  the s a m e  change sn the dielectr ic  constant of the 
6 ,  H, R,  Mahler in Advences In Enzymoiogy, Ed by F. F, Nord (Inter-  
science Publishers ,  Inc. , New York, 195&) ,  Vol. 17, p. 233, 
7, J W ,  Passingham and D, Spencer, Auszralian J, B i d ,  Sei, i5 ,  58(1962). 
-
8. A. A, Andrea t ,  Arch,  Biochem, Biophys, 55, 584 41 955),  
w 
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WAVELENGTH ( m p )  
M U - 2 9 5 2 8  
Fig .  5-  1. Concentra t ion dependence of the  visible and ul t raviole t  
spec t r a  of FMN. 
0 .5~10 : :  - M FMN in 1-crn cel l ;  
--- 1.OX 10 M FMN in  0 .05-cm ce l l ;  
- - - - - - - - 
- 2  - 1.OX 10 M FMN in 0 .005-cm cel l .  
- 
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WAVELENGTH (mp)  
M U - 2 9 5 2 9  
Fig .  5-2. Difference spec t r a  of solutions of FMN with and without 
me ta l  ions .  
c u r v e  1: 10:: M F M N ~ ~ O : ~  - M M ~ C ~ ~ V S  -2 -M FMN; 
Curve  2 :  10 M F M N t  1 0  M NiC12vs 10 M_ FMN; 
Curve  3 :  1 0 - 2 ~ ~ ~ ~ t 3 ~ 1 0 r 2 M N a C l v s 1 0 - 2 M F M N .  - - - 
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solution a s  was caused by divalent metal sa:ts. E n d e n t i y  the effect of the 
metal  ions on the state cf aggregation of FMN is  not a dlr-ct  functlon of the 
dielectric constant of the medium but depends zlso on the charge (2nd p re -  
sumably s i ze )  of the metal  ioris. I;; -is therefore not possible to investigate 
complex formation a t  these increased dye cowzentrszions, 
2. Electron spln resanance The ESR spectrum of divalent manganese con- 
s i s t s  of s ix  equivalent i ines with ar, overal l  width of 770 gauss. Complexing 
agents affect this spec t rum in v ~ r i o u s  degrees,  resulting ;L a broadening of 
the individual hyperfine l ines of sometimes even a complers disappearance 
of the signal, When FMN 6 10- M )  Is  added 'Lo s solutlon cf manganous chlo- 
ride ( 1  o - ~  M) at  pH 6,  no change-~n the ESR spectrum of the manganous ions 
can be observed, 
3, Isolztlon of the ' ' c h e l ~ t e ' ~  The alleged ribaflavrn manganese complex 4 
was prepared  by the method of Foye  a,nd Eangz, This r eqz i r e s  the precip- 
itation of  the complex from a solution of riboflavin at pH 4 by addrng to i t  a 
solution of MnCIZ simultaneously with 0. i N - NaOH s c  as La mair.txfi the pH 
of 9. The precipitate thus cbtained conp;aiced rnaxganese (shown by qualitative 
tesss using ge r  sulfate oxidation to permanganate ). Quar.tltative a r d y s i s  a f te r  
purification gave the following composition: C ,  49.6476 H, 5,59% N, ]i3,59'% 
MnO 5.9%. This composit;icx; does not C O T T E S ~ O S ~  33 any s t o ~ c h ~ o m e t r i c a l l y  
feasigle leomp!ex. It approximates mos t  closely ihe i o r m n ! ~  Rf,Mn, iri con- 
t r a s t  t o  Rfo Mn 02HP reported by Foy- sad  i,;ngs. + It l e  a s s e f h a l  to  note 
that these authzrs  based their  formula anrire!y or: the riiwts of rnlcroanalysis 
for  carbon, nydrogen, and water ,  the last s f  whrch zs i n  se,ricus e r r o r  when 
compared with the theoret lczl  value, S i ~ c p  the reported cc;mposi;lorr of the 
complex may have been In e r r o r ,  the significant. difference between the 
tinction coefficient of riboflavin ar,d the complex observed by MahEer et  al. 
on the complex prepared  by Foye 2nd Langp, is not rno,aningfd, although the 
observed Increase in sbsorpt lsn at ,500 rnp rernalns to  be accclunted for ,  In- 
deed, the complex p repa red  in this work also shows a s!?ghtigr increased  ab-  
sorption at 500  mp9 both i n  aquecus salutio~? alnd i r l  &xnethylsu:foxide. If, 
however, the solutions w e r e  left standing for  48 hr, the o s ~ g r ~ i h l  riboflavin 
spec t rum was recovered,  St-miiarly, the n f r a r e d  spectr7lm cf .;he "compPex" 
(taken i n  a IVujol suspensisr,) i s  &fferent f rom that of r9boflavln In the c a r -  
bonyl region (Fig,  5-31, 
To inveselgate boxh these spec t r a l  3bs e r v a ~ ~ o n s ,  a sol~trion of riboflavin 
was t r ea t ed  in  the s a m e  way as  in  t h e  preparation of :he m a q a n e s e  complex, 
except that the r epsecipitati o n  wag brought abc. ut  by acidify; ng  the solutron 
instead of adding a solution of mangazese,  The spec t ra l  eharae tes i s t ics  (both 
visible and in f ra red  ) of the preciprtate thus obtained were idezltical with those 
of the "manganese complex. ! ' l i t  i s  possible that these sp-c.croscopic differences 
represent  an enolization in the isoallvxazine ring of the  flavin.: 
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Fig .  5-3.  In f ra red  spec t r a  of 
( lower cu rve )  riboflavin (plates ,  mp  27 5-280" ) ,  and 
(upper curve)  riboflavin manganese complex. 
It i s  likely that in the r sp rec ip i~a t ion  procedure ~ rnpe r fee t  c rys ta l s  
a r e  formed. It i s  therefore of ~ n t e r e s *  to  determine whether the two known 
crystall ine modifications of riboflaviriq may  be a resu l t  of t h i s  type enoliza- 
tion. Some needlelike crys ta l s  were  obtained. on r ec~ys ta i l i aa t ion  f rom 
dilute (1%) acetlc acid ( m p  292" C ) ,  and plazelike c rys t a l s  f rom water ( m p  
275-280°C). The inf rared  spectrum of the former  i s  shown in Flg. 5-4 ( i n  
the c r i t ica l  regions)  and that of the la t ter  form In  Fig, 5-3, The disappear-  
ance of the band a t  1670 c m - '  and the appearance of a sha rp  band at 3500cm- 1 
on going f rom the low-melting form to the high-melting one may represent  the 
change of a keto y o u p  to a n  enolic hydroxvl. Sirniiarly, the lack of the weak 
band a t  3 1100 c m -  in  the high-melting form (FIE., 5 - 4 1  may be due to  the 
disappearance of the N-H stretching. All the bands a t  the region 3000 to 
3600 crn-I  represent  exchangeable hydrogens (Fig. 5-4). This interpretat ion 
i s  subject to  the Pim~taa'cions imposed by the n~,ceas: ty  of observing the spec t ra  
in the solid s ta te ,  If, however, these changes a r e  a resulz of enolization, then 
i t  i s  c l ea r  f rom studies on analogous models xhat i t  i s  the carbonyi group a t  
the 2 position t h r t  i s  Involved in t h e  process.  l 0  T h ~ s  ccncluslon i s  consistent 
with the observation $hat on t r e a t m e ~ t  with strong alkali  ribolf~avln hydrolyzes 
to urea  and quinoxalinecarboxylic acid," and with the failure t o  obtain deriv- 
atives of lumiflavin with substiruents -OCK3 and -SCH st  the 4 position 12 3 
whereas stable derivatives can  be obtained when these substituents occupy the 
2 position. 13 
a. In c o n c l ~ s i o n ,  the r i b ~ f l z v i n  mai.garu_c;sz ' ccrr-piex~' ohh lned  by the 
precipitation method 'of Foye and ~ a n ~ e ~  rs prsbzbly a rr.sult, of coprecipitation 
of riboflavin wlth manganous hydrcxide, while the spectra? differences ob- 
served  by MzhIer e t  ak, a r e  due 'io enclizatroliz. Fv.r%lber,more, the apparent 
instability of the chelates of rlbcaflavin with t r s n s ~ t i o n  rnstals c a r  be accounted 
for  in t e r m s  of preferent ial  enolization of the 2-carbony1 gro.ccp ra ther  than 
that of the 4-carbonyl. 
b. Riboflavir, s i iver  complex. The s:oichiornetry zni visible spectrum 
of the stable riboflavin s i lver  complex has been studied by several  workers .  14 , l5  
It has been suggested that the s t ruc ture  of tht: 1 : I  complex 1s of the dipolar type: 
9. S. Shimizu, Vi tamins  (Kyoto) 10, 24 (1956) ;  Chem. Abstr.  51, 15638a 
- -(1957), 
10. Randall, Fowler, Fuson, and Dangl, Infrared Determination ci Organic 
Structures  (D. van Nostrand Co. , Ine, , Princeton, i 949).  
11. H. H. Fall and H. 6. Petering, J. Am, Chem, Sac, 78, 377 (1956). 
-
12. P. Hemmerich,  B. Prijs, and H. Er lenmeyer ,  Helv. Chlm. Acta 42, 2164 
(1959); P, Barnberg, P, Hemmerich,  and H, Erlenmeyer, Helv, c K ~ ,  
Acta - 49, 395 (1960). 
13. F. M'dlPer, P, Hemmerich,  and H. Erjenmeyer ,  Experientia - 18, 497 (1962). 
14. P. Bambert  and P. Hemmerich,  HeYv. Chirn. Acta 44, 1001 (1961). 
-
15. I. F. Baarda and D. E. Metzler,  S!och~rn. Biophys, Acts 50, 463 (1961). 
-
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Fig .  5-4 .  I n f r a r ed  spec t rum of riboflavin. 
need les ,  m p  292" 
- - - - - - - par t i a l ly  deutera ted.  
We have now obtained some evidence for this s t ruc tu re  f rom the inf rared  
spec t rum of the complex (prepared  a s  a solid, taken in  Nujol suspension). 
The salient feature of the spec t rum i s  the disappearance of the band at  
1730 c m - l  observed in  riboflavin and assigned to the 4-zarbonyl group. This 
-F suggests that Ag ions may change the mechanism of el-io?iza.tion of riboflavin 
pr ior  to the formation of the complex. (The complex i s  formed even at  low 
pH's. ) If s i lver  ions donate an  eiectron {probably only par-tially) to the i so -  
alloxazine ring (e. g , ,  to fo rm a charge-transfer  complex) the flavin nucleus 
will be s imi lar  to the semiquinone. Now, i t  has  been shown that when a sub- 
stituent -X in  the 4 position i s  single -bonded to  the flavin the resulting com- 
pound is unstable, b t that the corresponding f r e e  radlcali (with an additional 
e lectron)  i s  stable,  ' It i s  i n th i s  sense thzt t h e  t ransfer  of an electron f r o m  
t 
Ag to the nucleus contributes the necessary  driving force for the enolization 
of the 4-carbonyl (hence the fo rma t i~ ia  sf z single bond between the 4-substi-  
tuent and the ring) to be favorable. 
c. Metal complexes of flavin semiquinone, As an outcome of the 
a r g p p e n t s  presented above i n  some prel iminary experiments,  the effect of 
Mnf ions on the flavin serniquinone was investigated by two methods: 
(i) The visible spec t rum of a half-reduced solution of riboflavin contains a 
smal l  peak a t  570 m p  which has  been asslgned t o  the semiqulnone radical.  17 
When Mn++ ions a r e  added t o  a degassed solution of half-reduced FMN, no 
change i n  the spec t r a  can be observed (either by b f fe rence  o r  by dlrect  meas- 
urements )  even on an  expanded scale,  
16. P. Bamberg, P. Hemmerich, and H. Erlenmeyer ,  HePv. Chim. Acta 49, -
395 (1960). 
17. Q. H. Gibsozi, V. Masseys and N. Ivl. Atherton, Biochem. J. - 85, 369 
(1962). 
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(ii) The ESR spec t rum of  he radlcal  h ~ s  been repor ted  by seve ra l  authors;  
~t shows at  lezat  i 4  hyperfine l ines;  '8 i c d  Z,S many as 3 2  under better 
19 conditions . 
We were  able to observe 14 hyperfine l ines,  both when the rzd ica l  was gen- 
e ra ted  by half reducing a s o i u ~ i c n  of FMN ( i ~ - ~  - M) wirh sodium dithion'te, l7 
and when i t  was formed by i r rad ia tmg a d e g a s s ~ d  solution of FMN i 0-' M) 
by visible light. Wher. the i z t t s r  solution contained ~n" . icns  ( 1 Om' M) 5 
pH 3, onl>- 12 l ines were  observed, The zwo weakest Lnes could not% de- 
tect  d although the other l ines w e r e  as distinct z s  or better than when no t-% Mn ions were  present  (F ig ,  5 -5 )  Since this effect could bs due to a num- 
ber  of causes,  interpretat ion must  await fur ther  
E Z .  P h o t o ~ h e ~ m i s t r v  
experimentation, 
de cornpas e d ro lumiflavi n Riboflavin (I, a )  h a s  long beeE known tc be 
(I, b) and iumichrone [I, c )  as wa i l  as fragments  of t5e ribbfyl side chain under 
illumination with visible light in the presence s f  oxygen. Under anaerobic 
conditions irradiation brlngs about spect l -oscopc cizangzs which a r e  the same  
a s  those produced by reduclng agents such as sodium dithlonite or  Zn-HC1, 
It was suggested bv St rauss  and Nlckerson that the phstalysis resul ted in  the 
splitting of water  to provide the hvdrogen for the r ecluciion of the f h v i n  and 
hydroxyl radicals  which u n d e r w e a  secsndary  1-6 ,.or,s, 2 r  21 E n d e n c e  for this 
mechanism was  presented by several, W O T ~ ~ I - 3 .  An alternative. hypothesis 
that the side chain of riboflavin 1s involved In the photoreducticjn23 has not 
been well substantiated, although on erzsrget~c grourds it appears  to be a m o r e  
feasible  exp lan~ t lon .  
17, Q. H, Gibson, V.  Massey,  and N, M, Atherton, Eiochem. J ,  85, 369 
-(1962). 
18, B, Commoner and 33. B, Lrppncott ,  Proc, T';la;-,4, Acsd,  Sei, U, S. 44, 
-
1 l i 0  6 i95S). 
19, A, Ehrenbel-g, Arkiv Kern; - 19, '37 (i:962), 
20. R. Kuhn and Th, Wzgner-Sauregg, S e s ,  Deut, Chem, G e s .  f& 1577, 
1950 (1933). 
21,  G. Strauss  and W. S. Wickerssn, T .  Am. Chern, Ssc. 8 3 ,  3187 (1961). 
22. W. J. Ruttex, Acta Chem. Scaad, 12, 438 (19581, L. F. Vernon, 
Biochim. Biophys, Acta - 36, 177 (=5")), 
23. B. ~ o l m s t r g r n  and G. Oster ,  J,  Am, Ghern ,  SOG, 8 3 ,  1867 (P961) .  
-
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F i g .  5-5.  ESR spec t r a  of FMNH - , 
Upper curve :  no m e t a l  ions .  
- 4 
Lower  curve :  in p r e sence  of 10 - M ~ n +  ions .  
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A. Results and Discussion 
The photoreduction of solutions of riboflavin (I, a ) ,  iumlflavin (I, b), 
and 6, 7 -dimethyl - 9 -hydroxyethylisoalloxazine (I, d)  in phosphate buffer at  
pH 7 was investigated spectrophotometrically. 
The solvtions w r e  thoroughly deoxygenated by bubbling argon through them in 
a closed system'4 lor  1 hour, and the spec t r a  were  recorded  immediately 
af ter  illumination with a 500-VY' tungsten lamp. The diminution in  the 445-mp 
absorption band as  a function of illumination t ime for  each compound i s  r e -  
corded in  Fig. 5-6. No change can be observed for lumiflavin, but riboflavin 
and compound (I, d )  were  photobleached. When a i r  was admitted, the original 
spec t r a  were  only nearly restored.  On addition of tenfold excess  of ribose 
o r  twentyfold excess  of ethanol to the solution of lumiflavin, a smal l  decrease 
of the 445-mp absorption was observed on illumination (see  Fiz. T - f?),  and t5e 
original spec t r a  were  completely r e s to red  by oxidation. 
These r e su l t s  c lear ly  indicate that a t  leas t  a hydroxyethyl side chain 
i s  necessary  for the photoreduction, and that water  cannot be responsible for  
the react ion because then lumiflavin, which i s  electronically identical to  ribo- 
flavin and compound (I, d), should undergo the same  reaction. To show, how- 
ever ,  that this  i s  not a r a t e  phenomenon perhaps associated with a property 
of the moleculesnot manifest  in the absorption rhe r a t e s  of photo- 
reduction of riboflavin, FMN, FAD, and Pumiflavin upon use of an  external 
reducing a.gent (EDTA) were  compared, In these  experiments  a s  in  those of 
Fig. 5-6, a constant light intensity was obtained by setting the powerstat  to 
the s a m e  value. (It was shown la te r  that this  way the intensity does not va ry  
by m o r e  than 57%. ) En addition, here  an interference fi l ter was used which 
cuts off the light a t  wavelengths below 400 mp. The r a t e s  of reduction of each 
compound except that of FAD a r e  identical within the lfmits of experimental 
e r r o r  (Fig.  5-7) .  This i s  m o r e  forcibly represented  i n  Fig. 5-8. These graphs 
were  derived by assuming the following mechanism for the photoreduction: 
24. P. A, Loach, in  Bio-Organic Chemistry Quarter ly Report ,  UCRL- 10032, 
Jan,  1962, p. 45. 
25. It was recent ly suggested [ L. R. Tether  and J. H. Turnbull, Biochem. 
J. 85, 517 (1962) that  the side chain of riboflavin promotes the transit ion 
f r o m t h e  f i r s t  excited singlet to the t r iplet ,  and that this  effect i s  m o r e  
pronounced in FMN and l e s s  s o  in lumiflavin. 
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Fig .  5 -6 .  Photoreduction of f lavins (pH 7 ;  phosphate buffer) .  
Curve 1 : riboflavin. 
Curve 2 :  6 ,  7 -dimethyl-9 -hydroxyethylisoalloxazine. 
Curve 3 :  lumiflavin. 
Curve 4: lumiflavin t r ibose  (tenfold exces s ) .  
Curve 5: lumiflavin t ethanol (fortyfold exce s s ) .  
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Fig.  5 -7 .  Rate of photoreduction of flavins with EDTA (fortyfold 
exces s ) ,  pH 7,  phosphate buffer. 
- 
: FAD; ! : riboflavin; 
a :  FMN; : lumiflavin. 
U C R L -  10743  
TIME (min ) M u - 2 9 5 3 5  
Fig .  5-8. Steady- s ta te  plot fo r  photoreduction of f lavins.  
@ : lumiflavin; [7: FMN; 
: riboflavin; I: FAD. 
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k l  , 
:;< 
R t  h v  R , where R = flavin, (1 )  
:;< 
R t S  k2  R, where S = solvent, ( 2 )  
.b 
R-*t B k3 Products,  where B = EDTA. (3) 
Equation ( 1 )  represents  the light-induced excitation of the flavin to a react ive 
s tate  (either to the f i r s t  singlet o r  indirectly to the t r ip le t ) ,  Eq. ( 2 )  the so l -  
vent quenching of the react ive state,  and Eq. ( 3 )  the reduction step. Since S 
and B a r e  in la rge  excess  (EDTA was used in a fortyfold excess)  their  con-  
centration t e r m s  in  the r a t e  expressions can be n luded i n  constants. The 
r a t e  of quanta absorbed = k I = I - I ;  I = 1 e -  ~ R C I  - E *  1 abs o o t reatment ,  one can obtain r a t e  expression 
Using a s teady-state  
and, on integration, 
Knowing the extinction coefficients, one can calculate the concentrations. 
The plots for 4) vs t ime fo r  the four reactions a r e  shown in  Fig. 5-8. The 
slopes of the l ines (the constants on the right-hand side of the equation) a r e  
equal for each compound save FAD. Since one can a s sume  that the solvent 
quenching and the r a t e  of quanta absorbed a r e  identical for all three  com-  
pounds with the paral le l  plots ( their  spec t ra  a r e  identical) ,  the r a t e s  of 
reduction must  a l so  be equal. The reduction p racess  Is  a lmost  certainly i n  
competition with solvent quenching, since the overal l  r a t e  i s  dependent on the 
concentration of EDTA and on the light intensltv, too. The ra te  expressions 
above a r e ,  of course ,  overslmp?ified, since t e r m s  for sslf-quenching ought 
to  be included. Such quenching i s  probably m o r e  pronounced In the dinucleo- 
t ide (perhaps through the formation of an intramolecular  charge- t ransfer  
complex between the adenosine and flavin p a i t s )  which may account for i t s  
slower ra te  of reduction, The linearity of the plots, to 60  to  70% of the r e -  
action, however, i s  consistent with a mechanism of the type represented  by 
Eqs.  ( I )  through ( 3 ) .  
In al l  the cases  i n  which an Peexternal'heec8ucing agent i s  employed for 
photoreduction, reoxidation r e s to res  the original spec t ra- - in  contrast  t o  the 
blea.ching of riboflavin without an external  e lectron donor, This again supports  
the idea that i n  the la t te r  c a s e  degradation of the compound takes place p r io r  
to the oxidation step, 
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Fur ther  details about the mechanism of the r eac t i sc  were  sought a s  
follows. 
1. Rate of reduction of lumiflavin 
Figure  5-6 shows that the ra te  of reduction of lumiflavin with excess  
of ribose o r  ethanol is sti l l  slower than that of riboflavin or  the 9-hydroxy- 
ethyl compound (I, d) .  These observations suggest that the reaction may 
follow an intramolecular  path, To obtain m o r e  precisely defined data on 
this point, the r a t e  of reduction of riboflavin was compared with that of lurni- 
flavin with added ribitol. During these experim.ents the llght intensity was 
constantly monitored by a Weston light meter  and adjusted manually to the 
desired value if changes of m o r e  than 2% occurred.  Under these conditions 
a t  the s a m e  init ial  concentrations of riboflavin and Yumifhviia (pH 7, phosphate 
buffer) the half-life of reduction for riboflavin was 90 minutes, whereas a 1:1 
mixture of lumiflavin and ribitol showed no change durlng this h n e .  In fact,  
i t  was necessa ry  to  inc rease  the concentration of ribit01 to erghkyfold excess  
and the light intensrty by 2 factor of two (from 2000 to 4000 foot candles)  
before the reduction of lumiflavin by ribit01 approached the same ra t e  a s  that 
obtained for  riboflavin. (Lumiflavin i s  again not reduced under these condi- 
tions without added ribitol ,  ) This clear ly indicates that the raxe of intermolec-  
ular  reduction by ribitol  i s  negligible compared with that of the intramolecular  
process.  
2. Effect of meta l  ions 
The effect of added metal  ions on the r a t e  of photoreduction of F M N  in  
an unbuffered solution was studied (the pH was adjucted to  5,3 when necessary) .  
The resu l t s  a r e  shown i n  Fig. 5-9. and ~ i '  t'ions decrezsed the initial 
t 
ra tes  to 1/3 and 1/5, respectively,  whereas Na ions had no effect on the r e -  
action. (These  sa l t s  were  added a s  chlorides,  ) These dam suggest that the 
paramagnet ism of the two transi t ion meta ls  i s  responsible fcr  the decreased  
r a t e s  and hence the activated s tate  may  involve a t r iplet ,  The complete in-  
hibltion of the react ion by ions i s  probably doe to i t s  ibrh ty  to form 
strong complexes with riboflavin that a r e  nonfluoresrent (and presumably 
nonphosphorescent). The increased  absorption obtained on i r radiat ion of S O ~ U -  
tions of riboflavin in presence of 6u t t  ions 1s a resul t  of the photoreduction of 
CU" ions,  s ince c u t  ions,  like s i lver ,  also form stable complexes with r ibo-  
flavin. This i s  supported by the observation that when ascorbic  acid i s  added 
to a mixture  of riboflavin and cupric ions in  the dark, spectroscopic changes 
take place that  a r e  s imi l a r  to  those in  the photoreduction described above. 
3. Effect of DH 
The r a t e  of photoreduction a s  a function of pH is shown rn Fig. 5-  PO. 
Increasing concentration of hydrogen ions decreases  the ra te  of reduction. 
This i s  i n c ~ ~ n s i s t e n t  with the general. acid-base catalysis  of the reaction shown 
by Holmst rom and B s t e r ,  23 but i s  consis ent with Halwer's  observations on 
the aerobic photobleaching of riboflavin. 2k  He has found that this,  too,is sub- 
ject to genera l  acld-base catalysis,  but that hydrogen ions have a specific 
26. M. Halwer,  J. Am. Chern, Soc. 73, 4870 {195110 
- 
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Fig .  5-9. Effect of m e t a l s  on the r a t e  of photoreduction of 
F M N  ( 0 . 5 ~ 1 0 - ~  M ) .  
0: F M N  -t 1 M NiCl  , pH 5.3;  
a: P M N  + 1 x l o m 3  M ~ n c f ~ ,  pH 5.3; 
3: F M N  + 2 ~ 1 0 - ~  M NaC1, pH 5.3;  
: F M N  a t  pH 5.3. 
F i g .  5-10.  The pH dependence of the r a t e  of F M N  photoreduction 
C :  PH 3 ;  e :  PH 5 .0 ;  : PH 5.3. 
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negative catalytic effect on the rate .  We have observed the s a m e  kind of 
effect on pH on the ra te  of appearance of the semiquinone radical  a s  observed 
by electron spin resonance (Fig. 5-1 I ) ,  but a s  yet i t  i s  not known whether the 
radical  i s  a t rue  intermediate of the reaction o r  i s  produced in an equilibrium 
between the completely reduced and oxidized forms of FMN after  the photo- 
reduction. It i s  known, for instance, that when FMN i s  reduced by sodium 
borohydride (truly not a one-electron r educe r )  the semiquinone can s t i l l  be 
observed. 
B. Conclusions 
It i s  possible to suggest a mechanism a s  a working hypothesis a s  
follows : 
1. Flavin i s  excited by light to  the f i r s t  singlet, which then undergoes 
a radiationless slow transi t ion to the triplet .  
2. A hydrogen atom from No. 2' carbon of the side chain (o r  possibly 
f rom the hydroxyl group on this carbon)  i s  t ransfer  r ed  to the nucleus in an 
intramolecular  shift, producing the semiquinone. (It i s  possible, however, 
that i f  the f i r s t  t r iplet  can be written a s  a highly polar state,  a hydride ion i s  
shifted. ) 
3 .  This i s  followed by the t r ans fe r  of an electron f rom the aliphatic 
f ree  radical  on the side chain to the nucleus, the loss  of a proton a t  the oxygen 
of C2' ,  and the gain of proton on the nucleus. (This l a s t  proton shift ,  which 
may not follow the sequence indicated, could be the s tep responsible for the 
observations presented in  III. A. 3 .  ) 
Experiments to t e s t  this hypothesis a r e  in progress .  
The author wishes to  thank Miss  Ann Maksim for her  help i n  the ESR 
work. 
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F i g .  5- 11. R a t e s  of a p p e a r a n c e  of FMNH . on  i l lumination.  
3 : FMN ( 1 0 - 3  M) ,  pH 5.5; 0: F M N  (10-3  M),  pH 3.0. 
- - 
6 ,  PHOTOINDUCED ESR I N  SOME SOLUTIONS 
O F  ORGANIC ELECTRON DONORS AND ACCEPTORS 
David E. Ilten Maurlts E. Kroncnberg 
In hopes of ultimately ulderstanding t k e  quantum-conversion process  
in  photosynthesis, much work has been devoted t e  the study of model sys tems 
that simulate phenomena thought to occur i n  plants. Electron-transfer  proc - 
e s s e s  have been of p a r ~ i c u l a r  in te res t  :n this Laboratery.  Kearns studied 
electron-transfer  phenomena in the solid st2tc, Eastrnzn coqtinued work on 
solids,  but a lso used ESR to  attempt, to detect a rapidly revers ib le  electronic 
t r ans fe r  between donor and acceptor molecules in  solution.' Such a solution 
would be expected to  exhibit electranic canductivi?.~ if the electrons were  f r ee  
to  mlgra te  f rom molecule t o  mo:eede. The sys t ems  investigated, however, 
were  generally quite react ive,  N c  solution -VLS found for which it could be 
claimed unequivocally that a n  electrc.n was moving reversibly f rom a donor 
molecule to an acceptor molecule, 
More recently Lagercrzn", and dXhE.-nd have observed photoinduced 
ESR signals in  solutions of p-chlorani l in  te t rahydrofuran and in  seve ra l  other 
sys tems.  They attributed %ese s i g x d s  tc. the unpairing of the electrons in-  
volved in  the formation of a charge-rransfer  complex between the donor (THF)  
and the acceptor (ehloranilj ,  The signals were a p p r ~ x k - m ~ e i y  15 gags s wide 
and exhibited r i s e  t i m e s  and decay tim.es  cat were  zpproxirnately 1 second, 
the fas tes t  instrumental  response time, If, in  fact, these signals were  
caused by free,  unpaired elec';rons, the solutions should show ve ry  interest ing 
e lec t r ica l  and optical p r o ~ e r t l e s  such as phorc~conductivity. It i s  the purpose 
of this work to attempt to  dup l i ca~e  some of the resu l t s  of Eagercrantz  and 
Yhland, to  extend the studies to  new sys tems,  and to cor re la te  these resu l t s  
with e lec t r ica l  conductance m-easurements, 
Much of the data presenzed in Table 6-1 m u s t b e  considered a s  explor - 
atory in  nature,  because no rigorous purifica.~?on af the sample mater ia l s  was 
undertaken. However, the solvents were  drstilled. and the solutes r ec rys t a l -  
lized. The ESR data were  obtained by uais,g 2 spectrclmeter consisting of a 
Varian magnet power supply, a Varian 100-kc p h z s ~  -sensitive field modula- 
tion unit for c rys t a l  detection, and z magnet and 10-kc AF6 unit constructed 
i n  this  laboratory,  The samples  w e r e  tes ted for dhrk s l g r d s  ln  quartz tubes 
of 4 m m  o. d. and containing approximately i /2  m l  of sslutlon In a;he cavity, 
1. David R. Kearns,  Elec t r ica l  Proper t ies  of Organic Solids ( thesis) ,  UCRL- 
9120, March 1960, 
2 ,  John W, Eastman,  Charge -Transfer  Associatior1 and Paramagnet ism in 
Some Organic Systems (thesis),,  UGRL-9722, Aug, 196i,  
3. G. Lagercrantz  and M. YhEand, Act& Chern. Scand, 16, 1043 (19621, 
-
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They were  then illuminated in sltu through the s lots  in the Varian No. 4531 
rectangular cavity. The light source was ar, AH-6 high-pressure mercury  
lamp located 70 c m  f rom the cavity. A Corning 0-5217380) filter having 
about 207'0 transmission at 350 mp, 50% at 360 mp, and 90% at 400 m p  was 
used. The l igh twas  focused on the cavity s lots  with a Pyrex  lens located 
approximately 15 cm f r o m  the cavity. In most  cases ,  the samples were  de- 
gassed. 
Results 
As indicated in  Table 6-1, the sys tems investigated showed wndely 
differing spin concentrations, r i s e  t imes ,  and decay t imes ,  This cer tainly 
indicates a var iety of processes ,  The rapid r i s e  t imes  and decay t imes  may 
t ruly resu l t  f r o m  an electron-transfer  process ,  although Inskrumentation 
with a m o r e  rapid response will be required to  verify this.  The sys tem with 
slow r i s e  t imes  and decay t imes may involve an  electron t ransfer  a s  an in-  
itiating process ,  but this is  undoubtedly followed by a "chemical" process ,  
such a s  hydrogen abstraction. 
An interesting sys tem to discuss  in some detail i s  p-chlloranil dis-  
solved in  p-dioxane. The dioxane was twice disti l led and'Fhen dried by r e -  
fluxing over sodium and distilling. The p-chlasanil  u7as obtamed f r o m  K &K 
Laborator ies  in Jamaica,  New York, ans;hen secrystal8ized from benzene 
a s  yellow needles approximately 2 c m  long, -4 O,O5 M solution of p-chloranil 
in  p-dioxane was prepared  and degassed eight t imes  z1 the sample &be by 
freezing, evacuating, and then melting. This sample showed no ESR signal 
i n  the dark,  
Large  signals were  observed when the solutions were  illumnnated, 
The growth curve i s  shown in Fng. 6 - 1. It wi l l  be noted that the r i s e  to max-  
imum spin concentration was not instantaneous, but required approximately 
1.5 minutes of illumination, probably f a r  too long for a simple electson- 
t ransfer  process .  The decay was ,  likewise, a slow process ,  and is shown 
in  Fig. 6-2. The decay curve can be analyzed kinetacally a s  in Figs ,  6-3 and 
6-4. That the data do not f i t  second-order kinetics 4s shown by Fig, 6-3, 
where the rec iproca l  of the spin concentration i s  plotted against t ime.  In 
Fig. 6 - 4  the decay curve i s  analyzed a s  a cornpasite curve resulting f r o m  the 
presence of two paramagnetic species  having half-lives of 0 ' 7 5  min and 9 
min, respectively.  Figure 6 - 5  i l lustrates  a peculiar light reaction occurr ing 
in a solution that has  been illuminated for about 10 m ~ n u t e s ,  When the light 
i s  cut off by means of a shutter,  t he re  i s  an irntial small increase i n  the s ig-  
nal level which i s  followed by a gradual dec rease ,  Illuminating the sample 
again resu l t s  in a rzpld decrease,  followed by a gradual increase  i n  the signal 
level. Repeating the cycle shows an even m o r e  pronounced increase  i n  spin 
concentration when the light i s  blocked off. These observations s e e m  to in-  
dicate that at  leas t  two competing photoinduced proces sea a r e  taking place, 
one producing spins,  and the other resul t ing i n  the recombination o r  destruc-  
tion of the specles  bearing unpaired electrons,  
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Table 6-1. Observations of photoinduced light s ignals  i n  p-chloranil  and other 
compounds i n  various solvents.  
Solvents Color of solution Resul ts  (s ignals  approx 15 gauss  wide) 
A. p-Chloranil solutions, 0.05 M 
Benzene 
p-Xylene 
Mesitylene 
Phenitol 
o-Chlorophenol 
- 
a- Chloronaphthalene 
w r i d i n e  
Tetrahydrofuran 
Thiophene 
p- Dioxane 
- 
Morpholine 
Piperidine 
1, 2- Dimethoxyethane 
Nujol (< 0.05 M) 
Triphenyl phosphate 
B. Other sys t ems  
o-Chloranil + thiophene 
- (0.05 M)  
o-Chloranil + diphenyl-ether 
- (0.05 M)  
T C N E ~  t diphenylether 
(0.05 M) 
TCNE t pyridine 
TCNE (0.05 M) 
pyridine (K 5 M) 
EtCIZ Solvent - 
Perylene (0.001 M) t 
hexafluorobenTene 
Yellow 
Orange (yellow) 
Orange (yellow) 
Red (orange)  
Orange ( r e d )  
Red (orange)  
Dark solution 
(precipi ta te)  
Dark solution 
(some precipitate) 
Yellow 
Orange 
Yellow (green)  
Reddish-brown 
Reddish-brown 
Yellow 
Yellow solution 
Orange-red 
Orange-red 
Reddish 
Reddish 
Dark brownish 
Dark brownish 
No da rk  signal, no light signal 
No dark  signal, possible light signal 
No da rk  signal, sma l l  light signal 
No signal 
No da rk  signal, smal l  light signal,  rapid  r i s e  
and decay t ime  ( <  1/10 s e c )  
No da rk  signal, no light signal 
No da rk  signal, no light signal 
Very  l a rge  d a r k  signal, no fine 
No appreciable  enhancement 
(ca. 1018 spins /ml)  
s t ructure .  
i n  light 
No da rk  signalt5small  light signal 
(approx 10 spins /ml)  
No signal 
No da rk  signat? l a rge  light signal 
(approx 10 spins/ml).  Slow response  
enhancement when light t u rned  off 
Small  da rk  signal, factor -of- 10 inc rease  in  
light, enhancement when light off. 
No d a r k  signal, sma l l  light signal, rapid  
response  
No da rk  signal, sma l l  light signal, rapid  
response  
No dark  signal, sma l l  light signal, long-lived 
No signal 
No dark  signal, sma l l  light signal about 
30 gauss  wide 
No da rk  signal, sma l l  light signal 
No da rk  signal, smal l  light signal 
Dark signal; 9-line fine s t ruc tu re  
Dark signal; 9-line s t ructure  
No da rk  signal, sma l l  light signal 
a TCNE = tetracyanoethylene 
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TIME OF ILLUMINATION ( M I N )  
M U - 2 9 4 6 9  
Fig .  6 - 1 .  PhotoinducedESR s ignals  in  0.05 - M solution of 
p - chlorani l  in  dioxane. 
- 
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TIME (min) 
F i g .  6-2. Decay curve  fo r  photoinduced ESR signal  in 0 .05  M 
-
solution of p - chlorani l  in  dioxane. 
- 
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TIME ( m i n )  
M U - 2 9 4 7 1  
Fig .  6-3.  Kinetic study of decay curve fo r  photoinduced E S R  
signal  in  solution of p -chlorani l  in dioxane. 
- 
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0 Experimental 
points 
\ (+& Residual curve 
-0.75min. 
\ 
TIME ( m i n )  ~ U . 2 9 4 7 2  
Fig .  6-4 .  Kinetic s tudy of decay curve fo r  photoinduced ESR 
signal  in  solution of - p-chlorani l  in  dioxane. 
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OFF 
Fig .  6 -5 .  Ef fec t s  of illumination on spin cone of solution of 
p - chlorani l  in dioxane. 
- 
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Future Work 
Future work will involve purification of the sample mater ia l s ,  e lec-  
t r i ca l  conductivity measurements ,  and studies of the nature of the photo- 
induced chemical react ions.  Vapor -phase chromatography ( V P C )  has been 
used to determine the degree  of purity of some of the solvents. As p repa r -  
ative V P C  will soon be available, which will be used i n  conjunction with a 
spinning-band distillation column to purify the solvents. Photoconductivity 
measurements  will be c a r r i e d  out with the a im of being able to differentiate 
between electronic and ionic conductivity. Pre l iminary  studies a r e  under 
way, but a high-frequency bridge technique will  certainly be necessa ry  to 
demonstrate electronic conductivity. Finally, further kinetic studies of the 
r i s e  and decay t imes  of the photoinduced ESR signals,  together with analyses 
of the react ion products,  should help to elucidate the nature of the chemical 
reactions occurr ing i n  the solutions. 
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7.  FLUORESCENCE OF ORIENTED DYE-MACROMOLECULE 
COMPLEXES- -THEORETICAL STUDY 
Gilbert W eill 
A recent experiment by ~e rman l  on DNA-quinacrine complexes shows 
the interest  of the study of the variation in fluorescence Intensity due to the 
action of an orientating field on a dye-macromolecule complex to  determine 
the mode and the geometry of the dye binding. This experiment,however, has 
been interpreted on a purely qualitative basis,  involving a number of assump-  
tions that will generally not be valid in the large c lass  of chromophore- 
macromolecule complexes of biological interest .  Therefore,  a theoret ical  
calculation of the intensity changes has been undertaken, and the resul t ,  valid 
for  a m o r e  general  model, will permit  a m o r e  quantitative discussion of the 
precited experiment. 
Choice of the Model 
In this  f i r s t  s tep the calculation i s  made for a planar dye molecule 
which can be bound with i t s  plane either para l le l  o r  perpendicular to  the 
polymer axis.  All the relaxation t imes  of the macromolecule a r e  assumed 
to  be la rge  in  comparison with the fluorescence lifetime, so  that the angle 
between the absorption t ransi t ion moment pa and the emission t ransi t ion 
moment pe i s  a resul t  only of the electronic s t ruc ture  of the dye, and can be 
evaluated f r o m  measurements  of the polarization of fLuorescence of the un- 
oriented system. (This can be experimentally checked by varying the v i s -  
cosity o r  the tempera ture .  ) 
Set of Coordinates 
Let Ouvw be a coordinate sys tem with Ow a s  direction of the polymer 
axis, Ouw a s  the plane of the dye when paral le l  to  the axis,  and Ouv the plane 
of the dye when perpendicular to the polymer axis.  The angular coordinates of 
pa and pe a r e  given in t e r m s  of (1, and of the angle Ow, pa = X. (Table 7-1. ) 
A second sys tem of axes i s  determined by the direction of propagation of the 
light, OX, and the directions OY and OZ of the electr ic  vector of the so-called 
' % v e t i ~ a l l y ' ~  and "horizontally" polarized light. The angular coordinates of 
Ouvw in the sys tem OXYZ a r e  functions of the th ree  Euler ian angles +, y, 8.  
(Table 7 -11. ) 
Polar ized Components of the Fluorescence 
Observing the fluorescence along direction OY and using an  analyzer 
analyzing along the direct ions OZ and OX combined with a polar izer  polarizing 
along the directions OZ and OY leads to  the definition of four polarized com- 
ponents of the fluoresced light, each proportional to  the mean value of the 
product of the square of the projection of pa along one of the axes OZ and OY 
by the square  of the projection of pe along one of the axes OZ and OX, the 
mean value being taken on a l l  the orientations of Ouvw: 
I = Constant (p  'ay p 'ex) 
YX 
I = Constant (p  2ay p Zez) 
Y z 2 Izx = Constant (p  'az p 2ex)  IZz = Constant ( p  az p 'ez) 
1. L. S. Lerman,  Proc.  Natl. Acad. Sci. U. S.  49, 94 (1963). 
-
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Table 7-1. Directions of the transitior, moments.  
s in  x 0 
s in  (X +a) 0 
cos x 
cos (X +a) 
1 0 0 
Dye perpendicular i pe cos a s in a 0 
Table 7-11. Orlentatlon of axes  bound to the polymer and the dye. 
OX O Y  oz 
Ou cos 4 cos  8 cos s in  + cos 8 cos y - sin 0 cos y 
- sin + sin y + cos + c s s  y 
Ov -cos + cos  8 sin y - s in  + cos 8 s in y sin 8 s in  y 
- s in  4 cos y - cos  4 eos  y 
Ow cos + s in  8 s in  C+ sin 8 cos  8 
If we apply an  orientating field along the Z axis ,  the orientation of Ouvw will 
no longer be random, but will be given by a distribution function of the gener-  
a l  type 
dW (8, 4, y) = K e x p ( u ( 8 ) / k ~ )  s in  8 d6 d+ dy, 
where U(8) i s  the potential energy of the molecule in the field and depends on 
the type of orientation. Generally U is nndependent of 4 and y, and the po- 
lar ized components can  be calculated a s  a fvbnction of two mean functions of 
4 the angle of orientation--for example, s in2 8 and s in 8. The resul t  i s  given 
in Table 7 -111. It is e a s y  to  verify, assuming random orientation, that these 
expressions give the c lass ica l  value of the polarization of fluorescence in 
infinitely viscous medium: 
2 2 Po (3 cos a - l ) / ( cos  a + 3). 
The expressions should allow a complete interpretation of the variation of 
intensity produced by an  e lec t r ic  car hydrodynamic field and, completed by 
measurements  of the variation of the dichroic ra t io  produced by orientation 
of $a alone, a bet ter  determination of the binding of the dye a s  well a s  the 
mechanism of orientation of the macrsmoleceale. 
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Comparison with the Experimental Re sa l t s  
on the DNA-Quinacrine Complex 
The polarization of fluorescence in the unorlented system s u g g e ~ t s  
that the dye has two absorption t ransi t ions,  or-e corresponding to  a = 0 , 
the other to  a = 90'. Le rman  therefore  was able t o  study qualitatively the 
change of intensity produced by a complete orientation for  those two absorptions 
and th ree  dispositions of the dye and compzre them with the slgn of variation 
obtained experimentally for a par t ia l  orlenzation, The th ree  dispositions 
can be expressed  In t e r m s  of x and of the pos~t ior ,  of the plane of the dye in 
respect  to  the polymer axis.  The sign of the varmtion of intensity with 
orientation comes direct ly  f rom the ddferent la tmn of the expressions In 
Table 7-111, In some c a s e s  the resu l t  depends on the mechanism of or ienta-  
tion and on the degree of orientation, and the resu l t  a r e e s  with Lerman '  s 
prediction only for a la rge  orientation [d/sin28 - sin4f3)fdf3< 01. The resul ts  
a r e  summarized  in Table 7- IV,  
Table 7-IV, Predict ion of change of intensity upon orientation. 
Le rman  
notation 
P Whatever a f - 
dye per  - 
pendicular 
ii - - (or f )  
6~ = 90' 
The experimental  values given by Lesrnan. a r e  
X excitation d1 /I 
vx vx 
/I  
d=Z Z1 z 2 
4500 A(a = 0" ? )  t o .  35 -0.24 -0,11 -0.10 
3000 L(a = 90' ?'I *Om 24 -0.26 0.12 -0-10 
These data fit the prediction of the arrangement Po As the polarization 
of f1uore:cence of the unoriented solution 1s compatible, however, with values 
of a = 30 and a = 60' fo r  the two transi t ion--which is l ikely for an un- 
symmetr ica l  dye like quinac rine - - these values have been introduced in the 
expressions of the intensity for  the dye paral le l  t o  the polymer axis ,  In the 
absence of information on the degree  of orientation, evaluatians a r e  difficult, 
but no se t  of signs of variation s lmi l a r  to  the experimental resul ts  has  been 
obtained. As the re  a r e  additional reasons  to  believe in the arrangement  P 
(as  defined in Table 7 -IV), 2 3  we have t r l ed  to  der ive some other resu l t s  
f r o m  our  theoret ical  expressions,  
2. L. S. Lerman,  J. Mol. BiolL 3, 18 (1951). 
- 
3. V. Luzzati ,  F. Masson, a n d L .  S. Lerman,  J. Mol. Biol, 3,  639 (1961), 
- 
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(a) ~ I ~ ~ / I ~ ~  must  be independent of a ,  
(b) ~ I ~ ~ / I ~ ~  = 
(c) dlyZ i s  negative for high degrees of orientation butocan be 
positive for  low degrees of orientation when a i s  0 , 
(d) ~ I ~ ~ / I ~ ~  depends generally on a, 
(e) d1, dl,, depends strongly on a. F o r  high degrees  of 05ientation 
the variation must  be grea ter  for a = 0" than for a = -90 . 
The predictions (a),  (b), (c) ,  and (e)  a r e  verified by Lerman '  s ex- 
per imental  resu l t s ,  and bring additional evidence for  the perpendicular 
arrangement . .  Experiments  a r e  now planned on a s imi l a r  system t o  m e a s -  
u r e  the variations a s  a function of the degree of orientation and to t r y  a 
quantitative verification of the theoret ical  formulae.  
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8. FORMATION O F  ADENINE B Y  ELECTRON IRRADIATION O F  
METHAlVE, AMMONIA, AND WATER 
* TCyri l  Ponnarnpe ruma,  Richzrd M, Lemmon, and Melvin Calvin 
Previous repor ts  f rom this Laboratory descr ibed the nature of some 
of the compounds formed on the electron l r r a d ~ a t l o n  of gaseous mixtures  of 
methane, ammonia,  and water ,  ' 8  The prlnclpal purpose of that r e s e a r c h  
was to look for evidence for the production of nucleic acid components under 
"primitive ea r th  a.trnospheresc conditions, Amino ac ids ,  the constituents of 
proteins,  a r e  a l ready known ~o be formed on electric-discharge o r  acce l -  
erated-electron frradlat ions of these gaseous mixtures ,  The e a r h e r  repor ts  42 
presented proof of the synthesis of urea  and some evidence for  the possible 
synthesis of an  important n u c l e ~ c  a c ~ d  constituent - -namely, adenine, The 
work descr ibed  he re  shows that, (a )  adenme is sndeed a prcduct of the e lec-  
t r o n  i r radiat ion of a mixture of methane, ammonia,  2nd water,  (b) t h e r e  i s  
an  inverse relationship bebween the zmount of adenine synthesized 2nd the 
amount of hydrogen gas  present ,  and (c)  s f  the five nuc le i c -aed  bases ,  
adenine i s  the one most  readily synthesized under the "prebiotic" e a r t h  
conditions, 
Experimental  Procedure  
Mixtures  of methane -C 14, ammonium hydroxide j4N), and, in some 
experiments,  hydrogen were i r rad ia ted  In the glass aPparZ'Tu.s (volume approx 
750  m l )  shown In Fig,  8- 1. Four  separate  experiments  wepe performed,  
Twenty m l  of 414 NH4QH and two or th ree  boihng chips (S ic)  were  
introduced into the i r rzdiat lon tube. The f lask B was cooled to -78" and the 
tube evacuated. Twenty-five mmoles  of c ~ ~ H ~  (containing 0.5 mC; source: 
Tracer lab ,  Inc, and New England Nuclear Corp. ) was introduced, followed 
by nonlabeled methane (1 2 mmoles )  until the p r e s s u r e  in  the tube was 300 mm.  
During the methane addition, c a r e  was exerc ised  to  exclude a l l  a n  f rom in- 
let  tubes,  In two expernments, no HZ was used, ]In a th i rd  e x p e r ~ m e n t  50 m m  
of Fit was added to the above mixture; in a fourth experiment 180 m m  of H2 2 
was mtroduced ~ r i to  the i ~ r a d ~ a t ~ o n  tube,
During the ~ r ' r ad ia t lons  the rrradaation tube was kept :n a horizontal  
position. The electroxs entered t h e  tube through the carxLve. end window, 
which was l a r g e r  in  diameter  than the c r o s s  section of the eiectron beam, 
In a l l  experiments ,  the electrons were delrvered by a l inear  e lectron acce l -  
e ra to r ,  These electrons had an  energy s f  4,5 Mev and -,were de1:vered in  
60 pulses  p e r  second, each pulse lasting 6 psec, The mtegrated dose r a t e  
was 18 FA, and the t ime  of i r rad ia t ion  was 45 minutes ,  The cur rent  used 
d u r m g  th i s  t ime was 0.0486 coulombs. Cobalt g lass  dosimetry at the center  
-. 
*o- 
Presen t  address :  Exobiology Division, NASA, Ames Research  Center ,  
Moffett Field,  California. 
I .  Christof Pa lm and Mei\-in Cczlv~n, J. Am- Chem Sec, 84, 2 3  B 5 (1 962). 
- 
2 ,  Chrlstof Palm and Melvin Calvin, r n  Bio-Organic GhemistrJ- Quarter ly 
Report,  UCRL-9900; -October 1961, p. 59 
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F i g .  8-1 .  A: I r rad ia t ion  tube;  d imensions:  length,  50 cm,  
d i ame te r  4 cm.  
B: f l ask  containing NH40H. C: cold-finger condenser .  
D: p r e s s u r e  and vacuum gauge. E and F: vacuum- 
sea ted  stopcocks.  G: l ead  shield.  
of a s imi lar  i r radiat ion tube indicated absorption of 1.5X lo4 r ads  p e r  
microcoulomb. Our total  energy absorption was therefore about 7 X lo8 rads,  
o r  7 x l0lO e ~ ~ s / ~ r a m .  
The liquid in  flask B (Fig. 8 - 1) was boiled during the i r radiat ions;  
heat was supplied by two infrared lamps, The i r radiat ions took place in  both 
the gas and the liquid (on the cold-finger sur face)  phases. The boiling caused 
a continuous washing back into B of the condensate on C. During the i r r ad ia -  
tion the p res su re  in  the tube rose  to  1.0 to  1.5 atmospheres .  
At the end of the reaction the liquid in B was removed. The ent i re  
tube was washed with about 20 m l  of water  and the washings were  added to 
the reaction products. Volatile products were  discarded. 
Analyses for  the nonvolatile products were  ca r r i ed  out on aliquot 
portions by means  of paper chromatography on oxallrc acid-washed Whatman 
No. 4 paper. An aliquot portion of the product was placed on the paper  
together with c a r r i e r  adenine. The paper was developed with n-propanol- 
16 N NHqOH-water (6: 3: 1 by  volume) in  one direction and n-butanol-glacial 
formic acid-water (77: 1 b: 13 by volume) in the other.  Two other solvent 
sys tems were  a l so  used: n-butanol-water (86: 14 by volume) and isopropanol- 
2 N HC1 (65: 35 by volume). The distribution of radioactivity on the chromato- 
g r a m s  was recorded by autoradiography with x - ray  film. The adenine was 
located on the chromatograms through the use of shadowgrams. 5 9  The 
percentage of adenine formed f rom CH4 was determined by eluting the 
adenine spots f r o m  the chromatograms and measuring the activity by liquid 
scintillation counting. 
Other s e r i e s  of chromatograms were  run  in  which the other purine 
and pyrimidines commonly found in  the nucleic acids (guanine, cytosine, 
uracil ,  and thymine) were used a s  c a r r i e r s .  
Results and Discussion 
The following conditions were  a11 held constant through the four 
experiments:  CH4 p ressu re  (300 mrn), c ~ ~ H ~  activity (0.5 mC),  NH3 and 
H 0 p r e s s u r e  (a total  of about 1.5 atm, f rom 2 0  m l  of 4N NH40H a t  about 
0 and energy absorption (about 7 X 1 0 ~ 0  ergs) .  The o n e  variable  was 
the amount of added H2. The amount of adenine produced a s  an apparent 
function of this variable i s  shown below. 
In a l l  four  experiments,  and in a l l  four paper chromatographFc solvent 
sys tems,  there  was perfect coincidence in both position and shape between 
the inactive c a r r i e r  adenine (shadowgrams) and one of the radioactive - 
product spots (x- ray  film darkening). 
4. J. Ord, in Bio -Organic Chemistry Quar ter ly  Report, UCRL - 106 34, Jan. 
1963, p. .102. 
5. J. D. Smith and R. Markham, Biochem. J. 45, 294 (1949). 
-
6. C .  A. Ponnamperuma, The Radiation Chemistry of Nucleic Acid Con- 
sti tuents (Thesis), UCRL- 1 QO%, June 1962, p. 3 6 .  
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Experiment - 1 2 
- 
3 
- 
4 
- 
H pressu re  (mm) 2 0 0 5 0 100 
~ 1 4 ~  converted A t o  a enine-c14(%) 0.012 0.OlO 0.002 0.001 
The resu l t s  of this investigation c lear ly  establish adenine a s  a product 
of the irradaation of methane, ammonia, and water. Fur thermore ,  it appears  
that the production of adenine i s  enhanced by the absence of H2. This i s  not 
surpris ing,  since methane carbon must  be oxidized in o rde r  to  appear finally 
in purines and amino acids. The hydrogen would be expected to  interfere  
with the oxidative processes .  In our system, the principal species  affecting 
the oxidations a r e  probably OH and NH2 radicals ,  and these radicals  would 
r eve r t  t o  the starting mater ia l s  (water and ammonia) on reaction with hydrogen: 
The f i r s t  reaction is energetically favored, since the H-H bond energy i s  
104.2* 0.1 kcal and the HO-H bond energy i s  d l9*  l kcal. The second r e -  
action i s  slightly unfavored (H2N-H bond energy i s  l o3  * l kcal) and may not 
occur.  Another possible way in which H2 might interfere  with the production 
of purines  would be to  cause methyl radicals  to r eve r t  to  methane through the 
react ion CH f H + CH4 f H. Here the bond energies  a r e  ve ry  s imilar :  
H-CH3 (104* 9 kca I ), H-H (104,2* 0.1 kcal). In any event, the high concen- 
t ra t ion  of organic ma t t e r  on the prebiotic ea r th  probably a rose  only at a t ime 
when m o s t  of the hydrogen had escaped f rom the atmosphere.  Other resu l t s  
of our present  work have indicated that there  is a l so  an inverse relationship 
between the  presence of hydrogen and the synthesis of amino acids.  
No guanine, cytosine, uracil ,  o r  thymine was detected on any of our  
chromatograms.  Any one of these bases  would have been detected i f  it  had 
been present  in one -hundredth the amount of the adenine. The apparent pref -  
e rence  for  adenine synthesis may  be related t o  aden ine ' s  multiple ro les  in  
biological systems.  Not only i s  it a constituent of both DNA and RNA, but i t  
i s  a l so  a unit of many important cofactors - -for example, ATP, ADP, DPN, 
T P N ,  FAD, and coenzyme A. In addition, molecular  orbital  calculations 
have shown that, of the biologically important urine s and pyr im~dine  s ,  
adenine has  the grea tes t  resonance energy. 8 9  gP This would not only make 
adenine ' s s ynthe s i s  m o r e  likely, but would, in addition, confer radiation 
stabili ty upon it. Thus, a f te r  formation, the adenine would be m o r e  likely 
than the other  bases  to  survive the radiation fields of our experiments. 
7. J. A. K e r r  and A. F. Trotman-Dickenson, Handbook of Chemis t ry  and 
Physics ,  44th Ed. (Chemical Rubber Publishing Go., CleveLand, Ohio, 
1962-63), pp. 3519-20. 
8. B. Pullman and A. Pullman, Nature 196, 13137 (1962). 
-
9. B. Pul lman and A. Pullman, in Comparative Effects of Radiation 
(John W i l e y  and Sons, New York, 1960), pp. 11 1 - 112. 
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9. UPTAKE O F  ORGANIC COMPOUNDS BY PLANARIANS 
Edward L. Bennett, Marie  Hebert, and M. Calvin 
Recently there  have been a number of suggestions that memory  must  
have a molecular basis.  Hydgn has proposed that ribonucleic acid i s  inti- 
mately associated w ~ t h  learn in  1, 2 Other possible mechanisms have been 
discussed by Briggs and Kitto,% and by Smith. To date, however, the r e -  
sul ts  of the few experiments  with higher animals  to  demonstrate a molecular 
bas i s  f o r  learning have certainly been open to severa l  interpretations.  
Recent experiments with planarians suggest that this  primitive animal  
m a y  be useful for  investigating the possibility of a molecular basls  of learn-  
ing. 5-7 Several  investigators have shown that planarians can be t rained.  
Usually this  training consls ts  of conditioning the planarian to  respond to 
light, which i s  followed by a mild electr ic  shock. However, other fo rms  of 
learned  behavior have been demonstrated. McConnell, Jacobson, and 
Kimble showed that the planarians regenerating f rom ei ther  the head o r  ta i l  
of a conditioned planarian cut in half were  capable of memory  s torage o r ,  
in  the parlance of psychologists, exhibited "savings. "59 6 More recently,  
Corning and John have repor ted  that savings could be demonstrated in pla- 
nar ians  that had regenerated in  ribonuclease f rom heads,  but not in  planarians 
that  had regenerated In rlbonuclease f r o m  ta i l s ,  5 9  7 
As a prelude to  a projected study of possible mechanisms of the 
retention of a conditioned response o r  "savings" in the planarian, we have 
init iated a study of the uptake and utilization of numerous organic molecules 
into the planarian. One ultimate objective i s  t o  utilize the labeled m a c r o -  
molecules formed f rom smal l  p recur so r  molecules for  studying the dis t r ibu-  
t ion and retention of different c l a s ses  of macromolecules  when worms  ei ther  
regenerated o r  a r e  ingested by other planarians.  Ultimately, i t  i s  hoped, 
var ious c l a s ses  of molecules o r  even specific molecules may  be isolated 
and be shown to t r ans fe r  "memory. I '  
The uptake of (a) purrnes,  pyrimidines,  and nucleosides, (b) amino 
ac ids ,  (c )  fatty acads, and (d) carbohydrates  by planarians has  been com-  
pared.  Of these compounds, fatty acids a re  taken up most  extensively. 
Butyrate-2- l 4 c  and va lera te -2-  146 a r e  tzken up m o r e  rapidly than the lower 
fatty acids ,  and form a t  leas t  10 to  15 compounds. ~ r o ~ i o n a t e - 2 - ~ ~ ~ ,  which 
i s  a l so  extensively utilized by planarians,  i s  lost  only slowly. Extensive 
t r a n s f e r  and retention of radioactivity can  be shown when nonradioactlve 
planarians a r e  fed planarians previously labeled with propionate - 2-  14c .  
1. H. Hydgn, Sci. Am. 205 (61, 62 (1961). 
-
2. H. Hydgn and E. Egyhazi, Proc ,  Natl. Acad. Sci, U. S. 48, 1366 (1962), 
- 
3. M. H. Briggs and G. B. Kitto, Psychol. Rev. 69, 537 (1962). 
- 
4. C. E. Smith, Science 138, 889 (1962). 
-
5. J. B. Best, ScF. Am. - 208 (2), 55 (1963). 
6. J. V. McConnell, A. Lo Jacobson, and D, P. Kimble, J. Gomp. Physiol. 
Psychol. - 52, 1 (1959). 
7. W. C .  Corning and E. R. John, Science 134, 1363 (1961). 
-
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Of the nucleic acid precursors  tested, adenine snd cytosice ex- 
hibited the grea tes t  uptake. The uptake of adenme (and presumably of the 
other  organic compounds tested)  i s  concentration-dependent", Conversion of 
adenine to  5' -adenylic acid and nucleic acid adenine and nucleic acid guanine 
has  been demonstrated. The amino acids and c a r b o h y d ~ a t e s  a r e  taken up 
only slowly. 
Methods 
Typically, the planarians were placed in the radioactive solution 
contained in a 10-ml o r  20-ml beaker and s tored in a dark  cupboard. The 
" c ~ n c e n t r a t i o n ' ~  of planarians was 3 o r  4 pe r  m l  c h i  solution, and the con- 
centration of the radioactive compound was generally 2.5 pno les /ml  for the 
nucleic acid p r e c u r s o r s  o r  10 pmoles/ml for the other compounds tested. 
Sprmg water (Alhambra) was used, and the pH was adjusted to  7 af ter  the 
compound was dissolved. P r i o r  to analysis,  a planarian was removed f rom 
the radioactive solution and passed through th ree  successive r inses  of water 
in  a spot plate. The following basic fractionation procedures were followed: 
1. Trichloroacetic acid (TCA) method 
An individual planarian was homogenized in 580 ~1 of distilled water,  
by use of a mic ro  Teflon-glass homogenizer (25 pl sf the hsmsgenate was 
removed for  a determination of the total  radioactivity present) ,  900 p1 of 
5070 TCA was added to the homogenate, and the homogenate wza centrifuged. 
The precipitate was washed twice with 500 pl of 10% TCA, and the activity 
of the combined supernatants  (TCA- saluble fracticsn) was determined by 
counting a 100-p1 aliquot. Subsequently, in some experiments,  the TCA 
was removed by continuous ether  extraction, and the activity in the aqueous 
phase was redetermined. The residue in  the homogenizer was extracted 
twice with 500 pl of 95% ethanol and then dissolved by warming overnight a t  
37" with 50 p1 of 1 N KOH. The basic solution was then diluted to  500 p1 
and heated (80') fop 2 to  3 hr.  (The ethanol extraction was omitted in some 
pre l iminary  experiments.  ) Aliquot portions were  taken of the ethanol ex- 
t r a c t s  and the KOH-hydrolyzed residue for  detesminatmn of radioactivity. 
An approximate measure  of the s ize of the worm has  usually been made by 
determining the protein content of an aliquot of the KOH-ashble residue, 
utilizing the Fol in-Wu color reaction. 8 When protein determinations have 
been made, the r e su l t s  have been expressed in t e r m s  ~f mpM uptake per 
100 y protein o r  B mg planarian. A planarian is a b o ~ t  B 0% protein, and 
those used normally weighed 2 to  4 mg. 
2 .  Ethanol extractions 
In a la te r  s e r i e s  of experiments,  the fractionation procedure has been 
patterned af ter  that commonly used in photos ynthesls experiments.  The 
planarian has been homogenized and extracted twice with 588 pI of 8070 
ethanol-20% H20  a t  50°, then twice with 500 p1 of 30% ethanol-70% H200 
In one s e r i e s  of experiments  acetone-water mixtures  were also used. 
8. 0. H. Lowry, N. H. Rosenbrough, A. L. Farr, and R. J. Randall, 3. 
. Bio?. Chem. 193, 265 (1951). 
-
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The residue has been dissolved by warming with 50 p1 of 1 N KOH o r  by 
heating overnight a t  80 with 100 p1 of 6 N HC1. In e i t h e r c a s e ,  the solution 
was diluted to 500 p1 with H 2 0  pr ior  to  scmpling. No protein determinations 
were  made af ter  acid hydrolysis. 
Scintillation counting has  been used to  determine the radioactivity. 
"Scintillator 2, " which consis ts  of 5.0 g of 2, 5-diphenyl oxazole (PPO) ,  
100 mg of 1, 4-bis-[2-(5-phenyloxazolyl)] benzene (POPOP),  50 g naphthalene, 
400 m l  of p-dioxane, 250 m l  of ethanol, diluted to  1 l i te r  with toluene, has  
been employed. Normally, samples  have been counted shortly a f te r  addition 
to the scintillator solution in  o rde r  to  minimize a smal l  (maximum 1070) 
decrease  in activity due to settling of particulate mater ia l  in some samples.  
The efficiency was routinely de termine6 by the addition of toluene- 14C (or  
t ~ l u e n e - ~ ~  in the few experiments with t r i t ia ted  compounds) and was normally 
6 0  t o  6570 for 14C. 
Ext rac ts  f r o m  the planarians have been chromatographed two-dimen- 
sionally on Whatman No, _ 1 f i l ter  paper in  phenol-H 0 and then in butanol- 
propionic acid-H 0. Radioactive compounds have been  located by radio-  
autography with dodak $-ray film, and the distribution of radioactivity has  
been estimated by counting the principal radioactive a r e a s  with a Mylar-  
window GM tube. C a r r i e r  amino acids  have been located by spraying with 
ninhydrin. In experiments with nucleic acid p recur so r s ,  6070 propanol- 30% 
ammonium hydroxide - 1070 H 0 (by volume) has been substituted fo P phenol- 
.2 H 2 0  and the location of ca r rae r  compounds has  been determined under uv 
light. 
Re s ult s 
Effect of concentration on uptake 
The uptake of adenine and thymine i s  dependent on the external  con- 
centration (Table 9-1). In th is  experiment,  approximately 7 to 1070 of the 
total  a d e n i n e - 1 4 ~  activity taken up by the planarians was found in the RNA- 
DNA fraction (TCA-insoluble fraction).  Paper  chromatograms of the m a  - 
t e r i a l  extracted by 10% TCA indicated that only 5 to 1070 of the radioactivity 
was unmetabolized adenine; a major  portion was 5' -adenylic acid and higher 
phosphorylated derivatives.  Hypoxanthine was another principal constituent 
present.  3' -Adenylic acid and 3' -guanylic acid were found in alkaline 
hydrolysates of the  TCA-insoluble mater ia l ,  Indicating unequivocally that 
RNA had been formed f rom adenine. 
~ h ~ r n i n e - 2 - 1 4 c  uptake was a l so  dependent on the external concen- 
tration; however, the increase  in uptake was found principally in the TCA- 
soluble fraction, and the external  concentration influenced uptake into the 
T CA-insoluble (RNA-DNA) fraction only slightly. 
The effect of concentration on the uptake of other compounds has  not 
been tested,  but presumably the uptake of most  o r  a l l  organic molecules i s  
concentration-dependent. 
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Table 9-1. Effect of concentration on the 
uptake of adenine -8 - 14G and thymme -2  - 1 4 ~  into planarisns.  
Concen- m p M  in aqueous mwM in 1070 mpM in 10% 
t ra t lon  homogenate TGA-soluble TCA-insoluble 
Compound ( 1 )  of planarian fractior, fraction 
Three planarians (Dugesia doro tocepha~a)  (Dam Laboratory, Berkeley were 
placed in  1 m l  of a solufion of adenine-8-14c (1.34 PC) o r  thymine-2-I4C 
(0.64 PC) for 2 days ang  then analyzed. The s ize of these planarians was 
not determined, and resu l t s  a r e  expressed  per  pllanarian, 
Rate of uptake and retention of adenine -8 -I4c 
- 
Two experiments,  sumarized in Table 54-11, kdicated that the total  
uptake of adenine increased  with time. The radioaeti-aity was not rapidly 
lost  upon t r ans fe r  of planarians to  a solution devoid of externai adenine. 
The low uptake found at  2 hours  i s  evidence that the pas sage of a planarian 
through th ree  successive washes in  a spot plate was sufficnent to  remove 
externally adsorbed radioactivity. The proportion of activity in the RNA- 
DNA fraction (TCA-insoluble fraction) increased  when planax+ ~ a n s  were  r e -  
moved f rom the a d e n i ~ ~ e - ~ ~ ~  solution. This 1s consistent with the concept 
that ma te r i a l  f r o m  the TCA-soluble (nucleotide) pool is uti3lized fo r  nucleic 
acid formation by planarians.  Paper  chromatograms of the adenine solution 
in which planarians had been soaking fo r  2 days showed no formation of 
radioactive impuri t ies .  The TCA-soluble extract  s f  the planarians exposed 
to  adenine for  2 days contained approximately 50% s f  the activity as 5' -AMP, 
ADP, and ATP,  and '7% a s  adenine, and approximate8y 2070 has been ten-  
tatively identified a s  hypoxanthine. 
Uptake of pyrimidines and nuc leos~de  s 
The utilization. of the pyrimidines, uracil ,  and cytosrme, and the 
nucleosides, uridine, cytidine, and adenosine, were compared (Table 9-ICIH). 
Uracil  was taken up most  extensively into the 10% TGA-soBnble fraction, and 
a maximum of 1070 of the u rac i l  was incorporated into the TCA-insoluble 
fraction. A l a r g e r  proportion of each of the other compounds tes ted  went 
into the TCA-insoluble fraction, with cytosine exlzibitmg the maximum in- 
corporation into the TCA-insoluble (presumably nucleic acid) fraction. A 
comparison of the data  obtained f r o m  th is  experiment with data  f rom previous 
experiments using adenine-8- I 4 c  showed that 5 to  20 t imes  a s  much adenine 
was taken up into the TCA-soluble f rac t ion  a s  of any of the other cornpounds 
compared. Cytosine apparently exhibited 5 to  18 t i m e s  a s  great  uptake into 
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14 Table 9-11, Rate of uptake and retention of adenine- C in planarians.  
Time of m p M  adenine ~n m p M  adenine in 
soaklng Days in TCA-soluble TCA-insol. 7'0 
in  1 4 c  H7 0 fraction fractlon Total 
a Experiment Q. 
2 h r  
6 h r  
1 day 
2 days 
2 days 1 
Expe rfment 2 b 
4 h r  
1 day 
2 days 
2 days 1 
2 days 2 
2 days 4 
a .  Fourteen planarians (Dugesia dorotocephala) were  placed in a 3-ml 
solution contaming 2.7 pmoles of a d e n i 1 1 e - 8 - ~ ~ ~ / m l ,  After 2 days,  
remaining planarians were  t r a n s f e r r e d  to  a solution of spring water.  
Average resu l t s  f rom the two planarians taken a t  each sampling t ime 
presented. 
b. Same procedure,  except 16 Dugesia t igr ina  used initially and the con- 
centration of the adenine -8 - i 4 ~  was 2-5 pmoles/ml. 
14 Table 9-111. Comparison of r a t e  of uptake of u rac i l -2 -14c ,  u r id ine -2 -  C, 
cytosine - 3 t ~ ,  c y t i d i n e - 3 ~ ,  and adenosine  - 3~ a (mpM incorpora ted /mg p lanar i ans ) .  
- - 
Time  in  u r a c i l - 2 -  1 4 c  ~ r i d i n e - 2 - 1 4 c  c y t o s i n e - 3 ~  ~ y t i d i n e - 3 ~  ~ d e n o s i n e  - 3 f  I 
radio-  70 Total  70 Total  % Total  % Tota l  '$, Tota l  
active TCA- TCA- in TCA- TCA- TCA- i n  TCA- TCA- TCA- in  TCA- TCA- TCA- in TCA- TCA- TCA- in TCA- 
solution soluble insol. insol. soluble insol.  insol.  soluble insol.  insol.  soluble  insol.  insol.  soluble  insol.  insol .  
-- --- -- --- -
3 hr  0.090 0.002 2 0.05 0.009 15 0.30 0.12 28 0.05 0.005 9 0.03 0.006 17 
1 day 0.46 0.03 6 0.09 0.027 23 0.50 0.25 33 0.11 0.025 18 0.09 0.03 2 5 
2 days  
3 days  0.65 0.07 10 0.23 0.08 26 0.23 0.38 6 2  0.21 0.09 30 0.08 0.06 4 3 
3 days  in  
1 day  out - - - - - - 0.21 0.12 36 0.10 0.32 0.07 0.05 4 8 76 0.12 0.05 29 
-- - 
a. All radioact ive  compounds w e r e  obtained f r o m  New England Nuclear  Corporat ion.  F i f t een  Dugesia dorotocephala  w e r e  placed 
in  a 10-ml  beaker  containing 10.4 to 10.9 pmoles  of the  radioact ive  compound d i s so lved  i n  4 m l  of sp r ing  w a t e r  and p H  was 
adjusted to  7.0. Approximately 30 pC of a 14c- l abe led  compound o r  200 pC of a 'H-labeled compound was used.  Two p lanar i ans  
w e r e  sampled  a t  each  t i m e  interval.  Resul ts  a r e  e x p r e s s e d  i n  t e r m s  of mpM of compound uti l ized p e r  mg  p lanar i ans .  
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the TCA-insoluble fraction a s  adenine. The low degree of uptake into the 
TCA-sqluble fraction of p r e c u r s o r s  other  than adenlne may  be a reflection 
of pool s ize,  In higher animals ,  adenine derivatives a r e  typically the most  
abundant. Since the cytoslne pool IS small ,  the activity in  the nucleic acid 
fract ion f rom a cytosine-labeled planarian does not increase  when i t  1s 
placed in  a nonradioactive medium, The activity in the nuclelc acid fraction 
in a worm given adenine does Increase  when the planarian i s  removed f r o m  
the radioactive medium. At present  the relative mcorporatlon of adenine 
and cytosine into nucleic acids  has  not been f i rmly  established, One exper i -  
ment  in which the external concen t ra t~on  was 10 p ~ / m l  indicated that  cytosine 
was utilized 5 to 10 t imes  a s  well a s  adenlne, whereas severa l  experiments 
at 2.5 p ~ / m l  suggest m o r e  near ly  equal utilization of these  two nucleic acid 
de rivative s . 
Incorporation of amino acids  into planarians 
The incorporation of gl  cine-2-14C, DL-alanine-2- 14C, DL-ser ine-  
3- 1 4 c ,  L-methionine-methyl- L-valine -4> 4' - 1 4 c 9  and L-leucine - 3-14c  
was compared in  one experiment.  The concentration used was 10 pmoles/ml 
in each  case.  Samples of the solutions in  which the planarians were  soaking 
we r e  removed daily and the radioactive purity checked by chromatography 
and radioautography. The valine and methionine contained 20 to 30% impuri ty  
initially; the other  amino acids  were  chromatographically pure. The i m -  
purity in  the methionine increased  to  5070 af ter  3 days, Chromatograms of 
the amino acid solutions made af te r  soaking the planarians for  2 o r  3 days 
indicated that a l a rge  proportion (up to  30 to  4070) of the radioactfvity now 
remained at  the origin. 
The incorporation of the radioactive amino acids  into the TCA-soluble 
fract ion i s  summarized  in  Fig. 9 - l a ,  and the incorporation into the TCA- 
insoluble fract ion i s  presented in  Fig. 9- lb.  Methionine has  been omitted 
f r o m  the f igures ,  but i t s  incorporat ion roughly paral le led that of alanine. 
The amount of radioactive amino acid taken up increased  with t ime,  The 
inc rease  was probably approximately l inear  when allowance was made for  
the fact  that each  point i s  the average  of data obtained f r o m  only two 
planarians,  and the "spread" was often 20 to  30%. There  were no g rea t  
differences in  uptake of the amino acids  into the soluble pool (except for  
valine, which was initially impure) .  The radioactivity decreased  relatively 
rapidly f r o m  the soluble fract ion when planarians were  removed f r o m  the 
radioactive solutions, The incorporat ion into the TCA-soluble fract ion was 
1.5 t o  2.5 mpmoles/mg planarians a t  2 days,  compared with 8 to  12 mpmoles 
for  adenine under comparable conditions, 
The radioactivity of the TCA-insoluble fract ion (presumably p r imar i ly  
in protein)  increased  up to  2 days when the planarians were  soaking in radio-  
active amino acids ,  and this  f ract ion did not dec rease  great ly  a f te r  the 
planarians were  removed and placed in water for  5 days. Approximately 
4070 of the activity in the planarians at  2 days was 1070 TCA-insoluble. 
Uptake of fatty acids  
The uptake of the fat ty  acids ,  sodium formate-  14c ,  sodium acetate-  
2-14c, sodium p r 0 p i o n a t e - 2 - ~ ~ ~ ,  sodium butyrate-2-14c,  and sodium 
valera te-2-14c  into Dugesia t igr ina into the 1070 TCA-soluble and the 1070 
UCRL- 10743 
TIME (DAYS) M U B - 1 6 3 9  
Fig.  9 -  1.  Rate  of uptake and retention of l abe led  glycine, 
DL-alanine,  DL-  s e r i n e ,  L-val ine ,  and L- leucine into 10% 
TCA- soluble and 10% TCA-insoluble m a t e r i a l  by Duge s ia  
t ig r ina  (South Carol ina  Biological Supply Co. ) .  The 
p lanar ians  w e r e  i n  the radioactive amino  ac id  solution 
(10 p ~ / m l )  f o r  per iods  up to 2 days  and then placed in f r e sh  
wa te r  for  per iods  up to 5 days.  The r e s u l t s  a r e  exp re s sed  
in  t e r m s  of muM uptake/lOO y pro te in  o r  p e r  rng planar ian.  
F i g .  l a  p resen ts  data  for  the 1070 TCA-soluble  ma te r i a l ;  
F ig .  lb  for  the 1070 TCA-insoluble m a t e r i a l .  
TCA-insoluble fractlon 1s summarlzed  In Fig.  9-2 ,  An ethanol extraction 
was made af te r  the 1070 TTCA extractions,  bfit s ince ~t contained a relat ively 
sma l l  amount of radloactivity, the resu l t s  a r e  not presented, 
The fatty acids Cave been taken up much mo-e extensively and rapidly 
than either the amino acids o r  nucleic acld constituents, The higher the fatty 
acid In molecular  weight, the m o r e  extenslrre the uptake, Less  activity was 
found in the 10% TCA-insoluble m a t e ~ i a l  than was found in the lo70 TCA 
soluble fraction. The activity decreased  only slowly in each fractlon when 
the planarians were removed f rom the r a d i a a c t i ~ ~ e  solution. About 50% of 
the 1070 TCA-soluble ma te r i a l  was ether  extractable af ter  5 h o u r s ' e x p o s u r e  
to  a radioactive fatty acxi, but l e s s  than 207'0 oaf the a c t i v ~ t y  was extractable 
a f te r  24 hours '  o r  longer uptake of the fatty acids.  
Pape r  chromatograms of the 10% TGA-soluble fraction were  d i s -  
appointing, since the majori ty  of the activity remalned a*, the origin, How- 
eve r ,  ~f this  fraction f rom a planarian exposed to  labeled valerate  o r  butyrate 
were  initially subjected t o  HCl hydrolysis, a s  many a s  t 5  radioactive com-  
pounds were obtained, Four  of the con2pounds have been tentatively identi- 
fied a s  glutamic acid, aspartnc acid (the major  compounds), se r ine ,  and 
alanme. Hammen and Lu have shown the rapid conversion in  planarians of 
propionate - 2 -  14C into a-ketoglutaric acid, succinic, fumaric ,  malic ,  c i t r ic ,  
i soc i t r ic ,  lactic,  and mesoxalic aclds ,  and the formation of a s p a r t x  and 
glutamic acids  and threonine f rom 1 4 ~ 0 7 .  9 
d 
An ex  er iment  in  which DL es i a  t igr ina were  maintained fo r  4 weeks 
---2L- in acetate  -Z-P4C o r  propionate - 2  C mdicated that little increase  occurred  
- - 
In the total  radioactivity ~ n c o r p o r e t e d  in the 1070 TCCA-soluble fract ion a f t e r  
1 week in a radioactive solutmn, The a c t ~ v l t y  In the 10% TCA-insoluble 
f rac t lon  increased  up to 2 weeks, at whrch n m e  apparent ' ssaturat lon 'P was 
reached,  The planarians used in these  experiments were fed brine sh r imp  
twice weekly. 
Uptake of glucose and suc rose  
Glucose and sucrose  were  taken up ahout: equally but were  relat ively 
l i t t le utilized by Duge s i a  t igrina.  The incorporation 1ntc.s the 10% TGA- soluble 
f rac t ion  was l e s s  than 1 m@lfig planarian at 2 days, o r  about 25% of that 
found with acetate.  The ~ n c o r p o r a t l o n  into the i rac t lon  subsequently ex-  
t rac tab le  by ethanol was about 0.5 mPM/mg, again about 1 / 4  of that found 
with acetate ,  The incorporation into the 10% TTCA-~nsoluble fract ion was 
about I. rnph4/mg, about 1/3 of that found w ~ t h  acetate ,  
Comparison of fractionation procedures  
In the experiments descr ibed  so  f a r  In th i s  report ,  insolubility in 
1070 TCA has been the p r i m a r y  c ~ i e e r i o n  used to determine ~f the radioactive 
compound has  been incorporated into "macromolecules ,  IY However, in  some 
of the experiments ,  notably those utilizing fatty acids  a s  p recur so r s ,  the 
radloactivity has  not decreased  rapidly i r ~  -he 1070 TCA-soluble fract ion 
when the worm has  beeri placed in spring water z n  the absence of activity. 
9. C ,  S .  Hammen and S, C, Lil, J, Bfol, Chem, 237, 2419 (1962)" 
- 
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Fig .  9-2. Ra te  of uptake and re tent ion of f ive labeled fatty a c id s  by 
Dugesia -- t ig r ina  (South Carol ina  Biological  Supply) p laced in 
the 14C-subs t ra te  (1  0 pmoles / rnl ,  pH 7.0) .  The subs t r a t e s  
w e r e  a l l  C -2  labeled (except  fo r  f o r m a t e )  and 20 to  50 PC of 
each subs t r a t e  w a s  used.  Af te r  2 days  in the radioact ive  
solution,  the p lanar ians  w e r e  r emoved  to f r e s h  nonradioactive 
w a t e r .  F ig .  2a p r e sen t s  data  f o r  the  10% TCA-soluble 
m a t e r i a l ;  F ig .  2b fo r  the  10% TCA-insoluble ma t e r i a l .  
-IN '46 
- 
/N WATER A - 
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Coupled with the fact that the radioactivity did not move from the or igin in 
chromatograms made of the non-ether-extractable mater ia l  in the 107'0 TCA- 
soluble fraction, this suggested that a portion of this  fraction may  be com-  
posed of molecular weight grea ter  than 1,000 o r  so. 
Therefore,  an experiment was ca r r i ed  out in  which three  methods of 
fractionation were  compared: (a) successive extraction with 807'0 ethanol-20% 
H 0, 30% ethanol-70% H20, and  digestion of the insoluble residue in  HC1; 
(bj successive extraction i n  80% acetone -20% H20,  30% acetone-70% H20,  
and an  HC1 digest of the residue; and (c)  successive extractions with 107'0 TCA, 
95% ethanol, and an HC1 digest of the residue. The resul ts  found when 
p rop iona te -2 -14~  was used to label the planarians a r e  summarized in 
Table 9-IV. At a l l  t ime intervals,  when aqueous ethanol o r  aqueous acetone 
was used to extract  the worms,  a g rea te r  percentage of the total  activity 
taken up by a planarian was found in the insoluble fraction, presumably 
composed of higher-molecular-weight compounds than when the TCA meth-  
od was used for  extraction. The relative increase  in  insoluble ma te r i a l  was 
approximate1 507'0. S imi lar  resul ts  were  obtained when acetate -2- 14c ,  
butyrate-2- lZCs o r  va lera te -2-14c  was employed a s  substrate.  In addition, 
the resu l t s  summarized in Table 9-V show the marked increase in the p ro -  
portion of nonextractable ma te r i a l  between (a) 3 hours '  uptake, and (b) 2 daysV 
uptake followed by 3 days of incorporation. The data a r e  par t icular ly striking 
for  butyrate-2- 1 4 c  and valerate  -2-I%, for  which the proportion of insoluble 
radioactive mater ia l  i nc reases  f rom l e s s  than 157'0 to  about 7570. 
Trans fe r  of radioactivity by feeding labeled planarians 
The resu l t s  summarized  in Table 9-VI show that radioactivity is 
t r a n s f e r r e d  by feeding of radioactive plana-rians to  a nonradioactive planar-  
ian. This t r ans fe r red  radioactivity is only slowly lost f rom the worm that 
has  been fed. More than 6070 of this  t r ans fe r red  radioactivity i s  not ex-  
t racted by ethanol-H20. A similar  fraction was nonextractable by ethanol- 
H 2 0  in the worms used for  "food. " 
Summary 
The uptake of numerous organic compounds by Dugesia t igr ina has 
been studied. Fatty acids a r e  rapidly taken up and incorporated into numer-  
ous constituents of planarians.  Of the p r e c u r s o r s  for nucleic acids  tes ted,  
adenine and cytosine a r e  the  most efficiently used. Amino acids and carbo-  
hydrates  a r e  taken up l e s s  well. Once taken up, radioactivity i s  only slowly 
lost  f rom a planarian. The proportion of the radioactivity classified a s  in-  
soluble, and therefore existing a s  macromolecules ,  depends on the extraction 
procedure used. Fur ther  work i s  necessa ry  to  determine better the  s ize of 
molecules formed f rom the labeled p recur so r s .  Planardans that a r e  fed 
radioactive planarians re ta in  and presumably incorporate a major  fraction 
of the ingested activity. 
Table 9-IV. Comparison of extraction methods a f t e r  uptake of p r o p i o n a t e - 2 - 1 4 ~ .  a 
- 
Time of Ethanol-water Acetone-water 
soaking 
in  pro-  - Extracted with Ext rac ted  with 
piqnate - 80% ETOH 3070 ETOH In- 8070 acetone- 30% acetone - In - Extrac ted  with In  - 
2-14c 20% H z 0  70% Hz0  soluble 2070 H z 0  7 0% H z 0  soluble 1070 TCA 957'0 ethanol soluble 
1 day 23 12 65 2 2 11 6 7 47 9 44 
2 days 22 8 69 19 15 66 38 13 5 0 
2 1 4 c  
3day ;H20  14 10 7 6  11 9 80 48 22 30 
a.  Dugesia t ig r ina  were placed in sodium p s o p i o n a t e - ~ - ~ ~ ~  (10 pmoles/rnl, pH 7.0). Resu l t s  a r e  exp res sed  
in t e r m s  of percentage of total  radioactivity in planar ian extracted by each  s e r i e s  of solvents.  
I 
Table 9 -V. Distribution of radioactivity a f te r  soaking in  1 4 c  fa t ty  ac ids  for  
(a )  3 hours o r  (b) for  2 days followed by 3 days i n  H 3 0 -  
Ext ra ct ed with Ext rac ted  with 
307, ethanol -20% H20 50% ethanol-7070 HH20 
Radioactivz -- 
Insoluble 
subst r a t e  
Acetate - 2 - I 4 c  
(a 1 
-- (b) -- (a 1 (b) 
11 8 5 4 66 
Propionate - 2 - 4~ 54 I4 8 10 3 8 76 
c. Dugesia t ig r ina  were placed Jn s o l u t ~ o n s  of the radioactive fatty ac ids  (10 pxnoles/rnl, 5 to  10 y ~ / r r l l ,  d 
-- 0 
p m .  Planar ians  w e r e  removed and  fractionated at 3 h, 1 d, 2 d, and 2 d in I4c-ac id ,  3 d i n  water.  F 
Only the 3-h and 5-d data a r e  presen ted  here ,  P lanar lans  fractionated a t  the  in te rmedia te  t i m e  i n t e r -  r 
vals  had a sma l l e r  proportion of the tota l  activity presen t  ir, the 8070 ethanol soluble f rac t ion  than did 
I 
I-' 
the 3-h  planar ians  but mope f ban the 5 -d  planarians,  Extract ion of o ther  planar ians  with 80% ace tone-  0 4 
207'0 H20,  and then 30% acetone-70yL H H L O  gave data s i m i l a r  t o  those for  the ethanol fractionation,  IP W 
-- 
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Table 9-VI. Transfer  of radioactivity by ingestion of planarians 
previously given propionate - 2 - 1 4 ~ .  a 
Ext r .  by Ext r .  by 
Days 80% C2H50H- 30% C2H50d-  
a f te r  20% i3 0 7070 H 0 Insoluble Total 
feeding (mPd;i) (mphli (m PM) ( ~ P M )  
a 14 Dugesia t igr ina were labeled by soaking in  propionate-2- C for  3 days 
and then were  kept in nonradioactive spring water for 4 days. At th is  t ime,  
a planarian was cut into four approximately equal pieces and fed to  four 
s ta rved  D. t igrina.  It i s  es t imated that the total  activity fed was derived 
f r o m  3 0 & p , ~  of p rop iona te -2 -14~ .  
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10. THE PLANARHA: ABSORPTION SPECTRUM, 
CELL DISAGGREGATION, AND STUDIES ON HOMOGENATES 
Ning G. Pon and Melvin Calvin 
Introduction 
The flatworm, planarium, can  be t ra ined  to  respond t o  external  
stimuli. If a worm is cut in half t ransverse ly ,  the head portion can r e -  
generate a new tai l  and the ta i l  section a new head. "Trained" worms,  s o  
t reated,  yield just a s  much retention of response in  both sections a s  did the 
"trained" uncut control a n ~ m a l s .  However, i f  the regeneration was p e r -  
formed in a weak solution of ribonuclease, the head portion has  "savings" 
of response whereas the ta i l  sectnon does not. Thus it appears  that r ibo-  
nucleic acid i s  implicated in  retention of learning in planaria,  
Reduction of memory  to a chemical basis  has given us  impetus to  
study these worms at  the molecular level. Experiments  were  therefore  
ca r r i ed  out with this  main goal in mind. 
Experimental Procedure 
A. Absorption measurements  
Fifty planaria, obtained commercna8ly, were  washed with disti l led 
water and dropped one by one into liquid nitrogen. The frozen worms were  
ground in  a m o r t a r  maintained below freezing tempera tures  by setting it, on 
top of a s lab  of d r y  ice. The powder, most ly ice ,  was allowed to  thaw, and 
the resulting suspension was t r ans fe r red  to a 30-m% pear -shaped flask. 
Lyophilization of this  suspension yielded a brswn-grey powder, abcut 40 mg. 
The powder was resuspended in  1 m l  of 0.05 M potassium phosphate, pH 6.8, 
with the aid of a hand homogenizer. The heaZer mater ia l  was allowed t o  
separa te  by settling for  a few minutes and the supernatant suspensmn was 
decanted. The la t ter  was centrifuged to collect the particulate mater ia l ,  
which was then resuspended in 4 m l  of potassium phosphate buffer, The 
absorption spectrum was measured  in a cuwette w2:h a 0.3-cm path length, 
with the sca t te r - t ransmiss ion  attachment for the Cary  Model 14. 
B. Cell disaggregation methods 
F o r  each of the procedures  l is ted below, five planaria were washed 
twice with 0.05 M, potassium phosphate buffer, pH 6.8, and then homogenized 
in a Vir t is  homogenizer a t  O'C, e i ther  in  1 rnl of phosphate buffer for  90 sec  
and at 10,000 rpm (homogenate A) o r  in  1 mll s f  a mixture of 0 .5  M sucrose ,  
0.1 M potassium phosphate, and 0.01 M EDTA, all at pH 7.4, f o p 3 0  sec  and 
at lK000 rpm (homogenate B). All sCmples were  examined subsequently 
under light microscope f r o m  240X to  1,200X magnification. 
1. J. B. Best, Sci. Am. 208, 54 (1963). 
-
2. J. V. McConnell, A. L. Jacobson, and D. P. Kimble, 3. Comp. Physiol. 
Psychol. 52, 1 (1959). 
-
3. W. C. Corning and E. R, John , Science 134, 1363 (1961). 
-
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P rocedure  1. a.  One live worm was added to  0.2 m l  of homogenate A. 
b. One h v e  worm was added to  homogenate A and one drop  of toluene was 
layered  on top of the  mix ture .  
c .  One live worm was added to  homogenate A to  w h ~ c h  had previously 
been added 2 5  pg of d ihydros t rep tomyonn sulfate. 
d. One l ive worm was added to  homogenate A to  which had previously 
been added 200 units of penicillm. 
e. One live worm was added to  a heat- t reated homogenate A (s teambath 
for  5 min ,  then cooled to  room t empera tu re ) .  
All these  mix tu re s  were  allowed to  stand f o r  m o r e  than 30 h r  at  room t e m -  
pera ture .  
P rocedure  2. Bac te r ia  f r o m  experiment l a  above were  s t reaked  on an  a g a r  
plate. At leas t  two types  of bac te r ia  were  observed,  one rod-shaped and the  
other  oval - shaped. Each  was  inoculated into separa te  nutrient broths;  only 
the rod-shaped type grew. F r o m  500 m l  of nutrient broth and a f te r  2 weeks 
of growth, 1.5 m l  packed volume of bac te r ia  was obtained. (All the f o r e -  
going exper iments  were  conducted by Mrs .  The resa  Andrews. ) These bac-  
t e r i a  were  washed once wlth 0.05 M, pH 6-8 potass ium phosphate buffer. 
Finally the bac te r la  were  suspendFd in  5 m l  of dist i l led water  and sonically 
ruptured for  5 m i n  at  9 kc and O ' C .  The sonicate was centrlfuged a t  2,000 
r p m  for 30 m i n  ir, a cl inical  centrrfuge; one live worm was added t o  the 
supernatant  and Incubated f o r  m o r e  than 24 hr .  A s i m i l a r  experiment was 
per formed with a s m a l l e r  amount of b a ~ t e r i a , ~  but usmg the Vir t l s  homogenizer 
plus g l a s s  beads a t  40,000 r p m  for  5 min  a t  0 C to  rup ture  the bacter ia .  
P rocedure  3. A suc rose  concentration gradient was constructed in a 5-ml  
Lusteroid tube by careful ly  layerlng Y m l  of suc rose  solution buffered a t  
pH 8,O with 0.01 M t r l s ,  s tar t ing with suc rose  concentration of 2.5 M and 
decreas ing  in  s teFs of 0.2 M to  1.0 M. The tubes  were  transferred-gently 
t o  the  cold room (about 5 0 and allowed to  stand for  24 hr .  One m l  of 
sample  was then l aye red  on top of th i s  gradient and the tube was placed into 
a n  SW39L ro to r  (swmgmg bucket)  and centrlfuged for  1 h r  at  39,000 r p m  in  
a Spinco Model L ultracentrlguge,. Bands of substances  formed during 
centrifugation were  careful ly  wbthdrawn with the  aid s f  a long thin needle 
attached to a hypodermic syr lnge and examined under a light microscope. 
Samples  fo r  layer ing on top of the  gradient were  the following: 
( a )  Worms ground in  a n  isotonic buffered suc rose  solution ( see  homogenate 
B above) (bf squashed worms  t r ea t ed  with 0.25% t ryps in  for  4 m l n  a t  room 
t empera tu re ,  and ( c )  remainder  of squashed worms  a f t e r  t r ea tmen t  b, 
digested a fur ther  30 min  with 0,2570 t ryps in ,  In the  las t  two cases ,  the 
ce l l s  plus deb r i s  were  collected by cen t r i fuga t~on  in  an  International re f r ig -  
e r a t ed  centrifuge,  Model PR-2, a t  2,500 rprn for  10 min. The precipi ta tes  
were  resuspended In 1.5 m l  of 0.5 M .sucrose, 0.1 M potass ium phosphate, 
- 
and 0.01 M EDTA, a l l  buffered a t p ~  '7.4, 
- 
C. Ultracentrifugal analvsis of plaraaraz homo penate 
Fifty worms were ground in a Virtis homogennzez wnth the a ~ d  of 
g lass  beads a t  10,000 rpm for  5 mir_ a t  0's in B m l  0.01 M t r i s ,  pH 7.6. 
The homogenate was centrifuged at  2,,800 rpm for  30 minTn a refr igerated 
centrifuge, yielding 2.4 m l  of a shght ly turbid supernatant. To this  super-  
natant was added NaCl to  make a final concen t~a t ion  of 0. B M. The con- 
centration of protein was estimated to  be about 4 mg/ml. S u d i e s  s f  the 
sedimentation rate  were performed in  the Model E Spinco ultracentrifuge 
a t  29,500 and 42,040 rpm, using the schllesen optics. 
D. Ghromatograph~c examination of a worm homsgenzte usrtlg Sephadex G-200 
All operations were  ca r r i ed  out near  0' C .  One m l  of the slightly 
turbid supernatant used in the analytical u l t r a c e ~ t r i f u g a l  expev' was 
added to a column of Sephadex G-200 ( B  c m  in diam by 16.5 c m  long) which 
was previously equilibrated with pH 7.6, 0.01 M trns. This buffer was a l so  
used to  elute the material, and 9-ml f r a c t i o n ~ ~ r e r e  collected in consec-  
utively numbered tubes. The absorption of each fraction was measured  f rom 
230 to 300 mp. Certain fractions were  combined and dialvzed agaanst 0.0% M 
pH 7.6 t r i s  at  5' C for about 24 h r ,  with th ree  changes to  f r e sh  buffer d u r i n g  
th is  operation. 
Results and Discussion 
A. Absorption spectrum 
Two dist-nnct peaks, one a t  500 m p  and the orher at 410 mu, were 
observed in the absorption spec t rum of the nnsoluble prlptlcuiate f ~ a e t i o n  of 
homogenized planaria. The absorbance per  0.3-mP Light path s f  each of these 
peaks was between 0.05 and 0. H 0 for  an  est imated 5 mg/ml  of insolu bPe solid 
(dry  weight). Other l e s s e r  peaks were not detected, owing to the la rge  
amount of scattering. Although planaria  have eyespots, we are not cer ta in  
that these plgments a r e  localized in them, since plgmems appear a-lso to  
res ide  in  other par t s  of the worm'  s body, These r e s d t s  andicaite that  an  
"action spectrum" of these worms (1. e. , response to  light of dlfferent wave - 
lengths) should be possible. Ultimately we hope that we can find conditions 
in which these worms can give maxxmum response to colored light. 
B. Cell d i s a ~ ~ r e ~ a t i o n  
The basic idea underlying this  approach i s  t o  determjne the local i -  
zation of information in var ious types s f  cells.  If there  i s  a -n ique  local l -  
zation, then the next s tep will be to  isolate the informatlsn c a r r i e r  f rom 
these cel ls  and t r ans fe r  it,  one would hope, to untraiced animal&. 
Very few intact free-floating cel ls  were  obtained when p lanr r ia  were  
ground with a Vir t is  homogenizer, either in  buffer o r  in buffered   so tonic 
sucrose.  Most prominent were  the clumps of cel ls  attached to  rubbery 
membranous mater ial .  A living worm added to such a hsmcbgenate in 0.05 M 
- phosphate died within a few hours and was subsequently disintegrated af te r  
m o r e  than 30 h r  at  room temperature.  The presence s f  l a rge  amounts of 
bacter ia  was observed. (Worms did not survive ~ r ,  0.05 M phosphate alone, 
but in this  case ,  af ter  30 h r  standing, no d i s in t eg~a t ion  % s  apparent,  nor 
were  there  many bacteria.  ) The disintegration was vSrtuaPLy complete--i .  e . ,  
UCRL- 10743 
no rubbery membrane -like ma te r i a l  remained. In addition to  rod- shaped 
and oval-shaped bacteria,  free-floating cel ls  plus clumps of cells were  
evident. That the worm was not digested by the enzymes of the homogenized 
worms i s  shown by experiments  with homogenates layered with toluene and 
by experiments with heated worm extract.  The intact worm added to  the 
toluene-layered homogenate did not disintegrate into cel ls  o r  clumps of ce l l s  
af ter  standing for m o r e  than 30 h r ,  though initially the intact worm s t ruc ture  
was destroyed by the toluene. On the other hand, the untreated homogenate 
(control), the antibiotic-treated homogenate, and the heat-treated homogenate 
showed complete disintegration of the added intact worm, along with the usual 
signs of bacteria,  free-floating cel ls ,  and cel l  clumps. 
Cel l -free ex t rac ts  i n  t r i s  buffer of these bacter ia  grown in nutrient 
broth failed to  attack the worm. In fact, the worm remained alive a f te r  
severa l  hours,  and even af te r  death the worm did not disintegrate up to  24 
h r  later.  
The question always a r i s e s  whether the re  a r e  sma l l  amounts of f r ee -  
floating ce l l s  among the r a the r  mass ive  amount s of cell  debris  obtained f rom 
various methods of disaggregating the cells.  One way of separating and con- 
centrating these ce l l s  i s  t o  use density-gradient centrifugation. When this  
method was applied to  worms  disaggregated by (a)  homogenization in buffered 
isotonic sucrose,  (b) short- t ime t rypsin t reatment ,  and (c)  prolonged t ryps in  
t reatment ,  th ree  main bands of particulate mater ia l s  were observed. The 
f i r s t ,  second, and third bands were  located near  the 1.0 M, 1.25 3.4, and 
2.0 M sucrose  regions,  respectively.  The second band appeared t o  have 
m o s t o f  the cel ls ,  although in a l l  ca ses  the yields were  ve ry  low and the 
cel ls  were  gross ly  contaminated with the rubbery t i ssues  of the worms.  
Owing to the low yields of ce l l s  obtained by straight homogenization 
and by t rypt ic  digestion of the planaria,  the use of bacter ia  i s  probably the 
best. How the bacter ia  will affect the information remains  to  be determined. 
A projected experiment would be to  disintegrate the worms with bacter ia  for  
30 hr ,  centrifuge to collect the ce l l s  plus clumps of cells,  wash this  f ract ion 
severa l  t imes  with buffer t o  f r ee  i t  f rom bacteria,  and finally separate  the 
cel ls  f rom the clumps by density-gradient centrifugation. 
C .  Ultracentrifugal examination of a worm homogenate 
As expected, the worm homogenate is heterogeneous; however, s u r -  
prisingly little, i f  any, high-molecular-weight ma te r i a l s  were found. Since 
schl ieren optics were  used for  these  observations, this  method was not ve ry  
sensitive. The bulk of the ma te r i a l  appears  to have sedi-mentation coefficients 
of about 3 o r  4, corresponding to  molecular weights between 10,000 and 
100,000, depending on other  pa ramete r s .  
D. Sephadex G-200 column chromatography of the soluble planaria extract  
This column should separate  substances of molecular weights g rea te r  
than 200,000 f rom those with molecular  weights l e s s  than 200,000. Figure 
10- 1 shows resu l t s  of a n  experiment with the water-soluble homogenate of 
worms af te r  passing through Sephadex G-200 and eluting with t r i s  buffer. 
Two peaks a r e  evident, the f i r s t  one coming out with the holdup volume of 
the column (about 7 m l )  and the second one eluting 9 to  10 m l  la te r .  
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TUBE NO. 
M U - 2 9 5 4 0  
' ig. 10- 1. Chromatographic  pa t t e rn  homogenate of P l a n a r i a ,  
c la r i f i ed  by centrifugation at 2 ,  800 rpm fo r  30 min  in 
International  r e f r i g e r a t o r  centr i fuge,  Model P R - 2 ,  p a s s e d  
through G-ZOO Sephadex column. 
: Absorbance  a t  280 m p  
0 : Absorbance  a t  260 m p .  
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The f i r s t  peak probably contains ma te r i a l s  of 200,000 molecular weight o r  
more ,  and the-fecond peak contains those of l e s s  than 200,000 molecular  
weight. The peak tube number 10 i s  relatively r i ch  in 260-mP absorbing 
ma te r i a l  and perhaps indicates high nucleic acid content. A convenient 
measure  of nucleic acid content i s  given by rat io  of absorbance at 260 m p  
(D 6 ) t o  that at  280 m p  (D 1. Hence, tube number 10 has a D ~ ~ ~ / D ~ ~ ~  
of 4.9 and tube number 15, 2(!?e%4~ 
The second peak has even l a rge r  D ~ ~ ~ / D ~ ~ ~ >  but a large contribution 
to this  ra t io  i s  due to  nucleotides and nucleosides. Thus, i f  tubes numbers  
18 to  2 2  a r e  combined, the absorption spectrum of the pooled sample shows 
a peak a t  250 m p  with a D ~ ~ ~ / D  of about 1.4. After dialysis for  24 h r ,  
the absorption maximum shifts ft08955 m p  and the D ~ ~ ~ / D ~ ~ ~  drops to  1.3. 
The absorbance of equivalent amowits of solution a lso  changes f r o m  0.85 to 
0,45 at  280 mp, indica~ing  that a lmost  half of the ma te r i a l  in the second peak 
i s  of low molecular weight, 
One other fact i s  noteworthy. Although the re  is apparently a la rge  
f i r s t  peak, the schl ieren system failed to  detect this  ma te r i a l  during the 
ul t racent~ifugat ion.  The resu l t s  could be expiained in t e r m s  of the  f l r s t  
peak' s being most ly nucleic acids.  The use of an  ultraviolet absorption 
optics sys t em for  studying the sedimentation of purified mater ia l  f r o m  this  
peak would s e e m  the most  likely to  bear  fruit .  
T h i s  r e p o r t  was p r e p a r e d  a s  a n  a c c o u n t  o f  Government  
s p o n s o r e d  w o r k .  N e i t h e r  t h e  U n i t e d  S t a t e s ,  n o r  t h e  Com- 
m i s s i o n ,  n o r  a n y  p e r s o n  a c t i n g  on b e h a l f  o f  t h e  C o m m i s s i o n :  
A .  Makes a n y  w a r r a n t y  o r  r e p r e s e n t a t i o n ,  e x p r e s s e d  o r  
imp1 i e d ,  w i t h  r e s p e c t  t o  t h e  a c c u r a c y ,  compl e t e n e s s ,  
o r  u s e f u l n e s s  o f  t h e  i n f o r m a t i o n  c o n t a i n e d  i n  t h i s  
r e p o r t ,  o r  t h a t  t h e  u s e  o f  a n y  i n f o r m a t i o n ,  a p p a -  
r a t u s ,  m e t h o d ,  o r  p r o c e s s  d i s c l o s e d  i n  t h i s  r e p o r t ,  
may n o t  i n f r i n g e  p r i v a t e 1  y owned r i g h t s ;  o r  
B. Assumes any  l i a b i l i t i e s  w i t h  r e s p e c t  t o  t h e  u s e  o f ,  
o r  f o r  damages  r e s u l t i n g  f rom t h e  u s e  o f  any  i n f o r -  
m a t i o n ,  a p p a r a t u s ,  m e t h o d ,  o r  p r o c e s s  d i s c l o s e d  i n  
t h i s  r e p o r t ,  
As u s e d  i n  t h e  a b o v e ,  " p e r s o n  a c t i n g  on b e h a l f  o f  t h e  
Commiss ion"  i n c l u d e s  any  e m p l o y e e  o r  c o n t r a c t o r  o f  t h e  Com- 
m i s s i o n ,  o r  e m p l o y e e  o f  s u c h  c o n t r a c t o r ,  t o  t h e  e x t e n t  t h a t  
s u c h  e m p l o y e e  o r  c o n t r a c t o r  o f  t h e  C o m m i s s i o n ,  o r  e m p l o y e e  
o f  s u c h  c o n t r a c t o r  p r e p a r e s ,  d i s s e m i n a t e s ,  o r  p r o v i d e s  a c c e s s  
t o ,  any  i n f o r m a t i o n  p u r s u a n t  t o  h i s  employment  o r  c o n t r a c t  
w i t h  t h e  C o m m i s s i o n ,  o r  h i s  employment  w i t h  s u c h  c o n t r a c t o r .  
